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Abstract
Storms are the most important events impacting stream water quality at the watershedscale. With the goal to develop effective water resource management strategies for the
impaired Beaver Creek Watershed in East Tennessee, the impacts of storm events on
water quality were assessed by monitoring the intra-storm dynamics of the export of
carbon, nutrients, and microbiological indicators (E. coli), which are parameters critical
to water quality and ecological functions of the target watershed. The dynamics of carbon
export from the Beaver Creek Watershed as represented by dissolved organic carbon
revealed distinct carbon transport mechanisms as a function of storm intensity, with
organic carbon input dominated by overland runoff during the largest storms while
organic carbon transported with groundwater was shown as a more important source
during smaller storms. Further characterization of the dissolved organic matter in
different storms confirmed that humic substances derived from terrestrial organic
materials may be the main source of carbon export during high storm flows. Nutrient
export was also linked to carbon transport as phosphorus transport was associated with
terrestrial sources and overland runoff. However, the lack of correlation between the
transport of nitrate and storm flow suggests that the main sources of nitrate was likely
groundwater, which was not impacted by storm events in the short term. Storm events
also impacted the export of the microbiological indicator E. coli, which could be
attributed to two sources related to sediment transport: overland runoff and sediment
resuspension.
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Chapter 1: Introduction
The Beaver Creek Watershed (HUC TN-06010207-011) is located in the Lower Clinch
River Watershed of East Tennessee, entirely within the northern portion of Knox County.
The 44 mile main stem plus seven main tributaries passes through five different
communities before emptying into the Clinch River. Suffering from the common issue of
the water body pollution due to the rapid urbanization and development, the water quality
in Beaver Creek has declined and the Tennessee Department of Environment and
Conservation (TDEC) has included Beaver Creek on the 303(d) list of impaired
waterways in 2006 due to nutrients, pathogens, sediment, and biotic integrity. In order to
develop sustainable and effective management strategies to protect Beaver Creek for
drinking water supply, recreational use, and natural ecological functions, this study
investigated the potential sources and transport mechanisms of carbon, nutrients, and
pathogen indicators which are of great importance to the management of water quality in
the Beaver Creak Watershed.

A few studies focused on the carbon, nutrients and microbial exports from various types
of watersheds under base flow conditions (Bernal et al., 2005; Billen et al., 2007; Brooks
and Lemon, 2007; Macrae et al., 2007; Rodgers et al., 2003; Schoonover and Lockaby,
2006). However, the estimate of annual contaminant loading may not be accurate without
considering the impacts of the storms. Net annual exports of contaminants could be
highly underestimated without considering the dynamics of pollutants transport under wet
conditions.

Because storms have strong influence on contaminant release and considerably affect the
mobilization of contaminants during a relatively short time period comparing with base
flow conditions (Buffam et al., 2001; Clark et al., 2007; Hinton et al., 1997), the
evaluation of contaminant transport during storm events in Beaver Creek watershed is
important for determining how urbanization potentially influences stream water quality.
The impact of storm events on stream water quality has been studied at the watershed
scale, with a particular focus on watersheds of forest, agricultural or mixed land use
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(Dalzell et al., 2007; David et al., 1999; Olyphant et al., 2003; Rusjan et al., 2008; SalviaCastellví et al., 2005). However, water quality dynamics during storm events is less
understood with no clear trend. Furthermore, discrepancies are present regarding the
mechanisms controlling the transport of contaminants during storms. In order to develop
a rationale management strategy for Beaver Creek watershed, a detailed investigation of
the flow-dependent export patterns of C, N. P, and Escherichia coli is needed.

Therefore, this study focused on the monitoring of transport dynamics of carbon,
nutrients, and pathogens during a number of storm events in the Beaver Creek Watershed.
The water resources management implications of the impact of storm flow on water
quality were also discussed. Results of this study are organized into three independent but
related topics: (1) The impact of storm events on dissolved organic carbon export; (2)
Intra-storm nitrogen and phosphorous export; and (3) Intra-storm export of
microbiological indicator Escherichia coli.
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Chapter 2: Literature Review
DOC and Its Fractionation
The dissolved organic compounds have recently become of greater concern to many
scientists, particularly for dissolved organic carbon (DOC) in aquatic systems due to not
only its important role in determining the magnitude of bio-system metabolism,
regulating the development of stream food webs for heterotrophic bacteria (Kaplan and
Newbold, 1993) and the combining affect of the heavy metal ion in water system, but
also the significant precursors of forming disinfection by-products (DBP) such as
trihalomethanes (THMs), carcinogenic chemical compounds in the drinking water
treatment process (Kavanaugh, 1978). DOC is the heterogeneous mixture of many kinds
of organic compounds in aquatic ecosystems and its physical-chemical properties are not
clearly understood (Perdue and Gjessing, 1990). Generally, the recalcitrant humic
substances comprising of humic and fulvic acids contribute to about 60-90% of the DOC
in natural waters (Klavins, 1997). Only about 20% of DOC is biological available labile
organic compounds such as carbohydrates, carboxylic acids and amino acids which are
mostly related to the biological activities of the phytoplankton and bacteria (Amon and
Benner, 1996; Imai et al., 2001; Thurman, 1985). Based on its origin, DOC in waters can
be categorized into two major types, allochthonous and autothonous organic carbon.
Allochthonous organic carbon is derived from terrestrial and semi-aquatic systems, which
is mainly determined by the landscape characteristics as well as anthropogenically
influenced organic compounds that derives from agricultural, domestic or industrial
activities. Autochthonous organic carbon is mainly from the exudation and excretion of
aquatic species and the decomposition products of dead organisms (Tranvik, 1993).
Because the accumulation of the recalcitrant DOC in natural waters influences
management practices to protect water quality and ecological functions, the dynamics of
DOC in water bodies has been an emphasis of various reports. Researchers have studied
the characteristics of DOC and its transport in aquatic systems, such as lakes, rivers, fens,
and reservoirs (Sachse et al., 2001; Sachse et al., 2005; Westerhoff and Anning, 2000).
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While previous work has largely focused on the DOC dynamics during base flow periods,
recent research has increasingly focused on the export of DOC from watersheds during
storm events, which are critical with regard to the large proportion of DOC transported
through storm flows despite the much shorter duration as compared to that of base flows
(Buffam et al., 2001; Clark et al., 2007; Hinton et al., 1997).

Scientists have conducted many studies about variances of DOC concentration and its
loading or flux linked with storms for many watersheds since the short term weather
events can impact the estimation of the annual carbon export and the long term trend
detection of watersheds. Buffam et al. (2001) estimated that storm flow, only 4% of the
time, 36% the annual discharge can contribute over 50% of the annual carbon budget in
Paine Run watershed, Virginia. Similarly, other studies also have verified the conclusions
that a large proportion of the annual DOC (36 to >50%) export happened during short
term and high intensity rainfall events, occupying only 4-24% of the time (Clark et al.,
2007; Hinton et al., 1997; Inamdar et al., 2006). Generally, a positive correlation between
DOC concentration and stream discharge has been found in many case studies (Buffam et
al., 2001; Edwards and Cresser, 1987; McDowell and Likens, 1988; van Verseveld et al.,
2008; Wagner et al., 2008; Worrall et al., 2008). Even the positive linear relationship
between the DOC concentration and flow rate has been intensively investigated (Carey,
2003; Clark et al., 2007; Hinton et al., 1997), although there were also reverse trends
(Billett et al., 2006; Bishop and Pettersson, 1996; Laudon et al., 2004) in some studies,
which indicated a negative correlation relationship between the DOC concentration and
flow rate in wetland dominated catchment. However, for most cases, the DOC flux can
still be increased due to the increase of total mass of DOC transformed from organic soils
by the increase of flow volume (Judd and Kling, 2002). Aside from the increase of the
river discharge rate due to the precipitation, other factors such as soil type were
considered to analyze the DOC concentration variation and pathway during storms.
Schiff et al., (1998) concluded that the wetland /peatland catchment tended to export
more DOC than organo-mineral soils in response to the same storm events as the
increased DOC was associated with a shift in the main runoff pathway from the lower
mineral layer where DOC was absorbed.
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However, in the previous studies, critical factors such as storm types, precipitation
intensity relating with the DOC transport process were not explored extensively when the
influences of storm events on DOC export in watersheds were evaluated. Although some
scientists monitored the DOC fraction or composition variations of the water samples
taken from the base flow of streams influenced by land use, soil type (David and Vance,
1991), and season change (Gueguen et al., 2006), there are still discrepancies that the
DOC fraction during a whole storm time scale and its pattern influenced by different
types of storms potentially were still not fully understood. Due to the remarkable and
high intensity influence on DOC export from watersheds during the rainfalls, it is
necessary to monitor the dynamic change of DOC fraction during a relatively short
hydrological changing period in order to better understand and predict the DOC transport
processes and origins. For example, from the studies of the storm influence on the DOC
in Paine Run watershed, Virginia, Buffam et al. (2001), it showed that the DOC variation
during the storms was relevant with the flow rate of the river. However, this study still
didn‘t go further into analyzing the resources of the DOC, the possible composition
change and the factors determining the DOC variation during storms. So, it is not enough
to simply evaluate the storm‘s impact on DOC in aquatic systems quantitatively. The
characteristics or compositions of the DOC in streams at different periods, base flow,
peak flow and recession limb during a rainfall event are more meaningful to be figured
out in order to evaluate the impactions of the storms on river water quality.

Through until now, many analytical methods were applied to fractionize the organic
chemical compounds of DOC based on the molecular weight, chemical functional groups
and the spectroscopy characteristics. Some researchers applied the methods of Sizeexclusion-chromatography (SEC) or UV organic detection (IR) to fractionize the DOC
into several parts: polysaccharides (PS) relevant with high weight molecules,
biodegradable carbohydrates, humic substances (HS) that are with aromatic groups, and
low molecular weight acids (LMWA) such as carboxylic acids generated in biological
and chemical processes when they analyzed the water samples from lakes, fens,
catchment and watersheds (Abbt-Braun et al., 2004; Rosario-Ortiz et al., 2007; Sachse et
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al., 2001; Sachse et al., 2005). Another common method chosen to separate the mixture
of the DOC is resin adsorption. During this process, generally three different kinds of
resins are applied to absorb different parts of the organic matter based on their chemical
functional groups or hydrophobicity. However, some scientists chose different kinds of
resins when they separated the DOC. Some chosen XAD-8, Bio-Rad AG-MP-50 CationExchange resin and Duolite A-7 Anion-Exchange resin to separate the DOC into six
parts, hydrophobic-base fraction (HoB), hydrophobic-acid fraction (HoA), hydrophobicneutral fraction (HoN), hydrophilic-base fraction (HiB), hydrophilic-acid fraction (HiA)
and hydrophilic-neutral fraction (HoN) (Leenheer, 1981; Thurman and Malcolm, 1981).
Though other scientists chosen different kinds of resin to separate the DOC, just like Imai
et al, (2001) who used the sets of XAD-8, Bio-Rad AG-MP-50, AG-MP-1 resins, the
similar five pats of the separation of DOC were also obtained. Additionally, other sets of
resins such as XAD-4, Supelite DAX-8, Dowex 50WX cation-exchange resin et al. were
also applied to fractionize the DOC of river samples or landfill leachate into similar parts
described before based on the chemical characteristics (Ma et al., 2001; Wei et al., 2008;
Xu et al., 2006). Except these two main methods, there are still many advanced methods
applied, which were summarized by Abbt-Braun et al (2004) in his overview paper.
However, in this project, the resin absorption with three kinds of resins, XAD-8, AG-MP50, AG-MP-1 was decided to be applied to fractionize the DOC of the river water
samples into five portions, HiA, HoA (AHS), HiN, HoN, BaS.
Nitrogen (Total Nitrogen and Nitrate), Soluble Reactive Phosphor (SRP), and Basic
Cations (Calcium and Magnesium)
The issue of nutrient releasing from watersheds was highly concerned in previous and
current studies. With many rivers and the lakes becoming eutrophic, ecologically, it not
only leaded to the explosive growth of species in water system, especially alga, which
can reduce the dissolved oxygen level in natural water bodies and is harmful to the
human health by algal toxins (Withers and Jarvie, 2008), but also exceeded the public
health concentration limitations for dissolved nitrate, phosphorous and DOC (Bowes et
al., 2005). Although in Europe and USA, much work has focused on the point-source
nutrient points from industrial and municipal wastewater outlets, influence from non6

point sources are still hard to manage and the understanding of how hydrological
conditions trigger the labile nutrients from the watersheds remains poor (Rusjan et al.,
2008). The mechanisms controlling the hydrological mobilization of nitrate and
phosphorous in watershed ecosystems have interested ecologists in hydrological and
biogeochemical studies because of the linking with the biological production and impact
on the water quality control (Fenn et al., 1998; Malmer and Grip, 1994; McHale et al.,
2002). Although the monitoring of the nutrient concentrations from a stream at base flow
conditions is necessary to determine their seasonal trends, it doesn‘t tell you the
information about the nutrient dynamics and their origins. So, monitoring the nutrient
fluxes and transformations over the whole period of storm events becomes more
important and meaningful because the high frequency sampling of stream chemistry is
critical to quantify the solute export patterns and identify the processes or mechanisms
responsible for the nutrient lease (Buffam et al., 2001; Inamdar et al., 2004; McHale et
al., 2000). Moreover, the short time period of the storms had been found disproportionate
influences on catchment hydrologic and solute responses, which are strongly correlated
with the stream discharge (Swistock et al., 1997). On the other hand, for the annual
nutrients estimation, the small percentage of the annual discharge happening in storm
periods usually has very large export contribution. Buffam et al., (2001) found the storm
flow, 4% of the time, 36% of the annual discharge contributed >50% of DOC, DON and
NO3- flux in Appalachian stream, Virginia in 1997. The similar trend about the export
estimation of the phosphorous washed out into the streams annually was reported by
Salvia-Castellví et al., (2005), in which more than 50% of the phosphorus run off
happened only in 10-20% of

hydrological time, storm events. The information of

patterns of the nutrients within storms is not only useful to establish the solute
concentrations versus discharge for estimating nutrient flux budgets (Swistock et al.,
1997), but also provides insights of the hydrological flow path responsible for the nutrient
exports.
For instance, studies by Inamdae et al., (2004) and Buffam et al., (2001) indicated that the
peak of the nitrate concentration happened on the rising climb of the rainfall introduced
hydrographs before peak flow rate and then declined fast during the recession flow. The
similar observation was also found by McHale et al., (2002) that NO3- peaks occurred on
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the rising limb of hydrographs during summer and autumn storm events. The common
conceptual explanations of the mechanisms for these observations were referred as
―Flushing Hypothesis‖ (Hornberger et al., 1994), from which the flushing effects of the
nitrate from the near surface soil layer or O-horizon layer are the main mechanism
controlling the variation of nitrate. This conception contributed the temporal and spatial
distribution of the nutrients in watersheds to the hydrological flow path or the availability
of flushing (Rusjan et al., 2008). In contrast to the ﬂushing of NO3- from near-surface
layers, McHale et al. (2002) found that groundwater springs that discharged deep till
groundwater controlled the stream NO3- chemistry. Studies by several scientists showed
the dilution effects of the increase of the discharge on nitrate concentration (Carey, 2003;
Clark et al., 2007; Hinton et al., 1997). Welsch et al., (2001) hypothesized that NO3- was
ﬂushed from the catchment, but they did not present any direct evidence to support the
speculation. Rusjan et al., 2008 found that the peak nitrate concentrations had a time
delay in order of a few hours after the hydrograph peaks although the nitrate
concentration was positively correlated with discharge rate. These studies together
suggest that the temporal expression of NO3- may vary with different geographic
conditions, antecedent moisture conditions, the intensity and duration of storm events
(Inamdar et al., 2004). For the temporal phosphorous export in storms especially, many
studies showed that for the individual storm, the concentrations of the total phosphorous
(TP) or SRP spanned a relatively board range during a storm but were not synchrony with
the hydrograph, usually reaching peak value prior to the hydrograph peak (Correll et al.,
1999; Salvia-Castellví et al., 2005), which is similar with the conclusions of the first part
of the opinions about the nitrate variation during storms explained by ―Flushing
Hypothesis‖. So, in order to figure out the mechanisms controlling the nutrients releasing
into the stream water, the flow paths and the contributing sources appear to be the key
determinants in the eventual expression of the nutrients into watersheds.
E. coli and Its Partitioning
Surface water can be contaminated by pathogenic microorganisms present in feces as
result of many factors, such as the discharge from municipal wastewater treatment plants,
sewages, storm water overflows, leaking from land disposal, runoff from manure-treated
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or farm land (Kortbaoui et al., 2009; Ritter et al., 2002; Simpson et al., 2002). These have
results in numerous outbreaks associated with fecal-contaminated waste resources
(Stewart et al., 2007). Generally, among many coliform bacteria, the enteric bacteria,
Escherichia coli found in humans and other warm-blooded animals usually, was
commonly adopted as the indicator of fecal coliform (FC). The USEPA also currently
recommended E. coli as the principle indicator organism in freshwaters (USEPA, 2001).
Although most E. coli strains are non-pathogenic except some, such as E. coli O157:H7,
it can serve as the causative agent for numerous waterborne diseases and the high
concentration of E. coli indicates the human or fecal animal wastes and the possible
presence of associate pathogens (Jamieson et al., 2004; Schilling et al., 2009).

Although from the previous studies, the point pollution sources such as discharge from
wastewater treatment plans, swages and farmland were considered as the resources of
fecal contamination apparently, the microbial input from non-point sources under the
storm events has also been proven to be critical and related with waterborne disease by
recent researches (Curriero et al., 2001; Rose. et al., 2001). Recently, the transport of the
pathogenic microorganisms into stream systems or surface water in watershed –scale
processes have increased the public concern about the access to clean water and water
source improvement and management (Gentry et al., 2006; Sinclair et al., 2009). In order
to understand the processes of the increase and the removal of fecal coliforms in
watersheds, the non-point resource, many watershed factors including climate changes,
rainfall, flow rate, hydrological parameters and site-specific physical parameters were
considered comprehensively, (Sadeghi and Arnold, 2002).

The positive correlations between the fecal indicator concentrations and the flow rate
under different land use by multiple regression analysis were found in some studies
(Crowther et al., 2002; Crowther et al., 2003), while some studies showed clear strong
relation between E. coli concentration and seasonality (Schilling et al., 2009). However,
with the observations that the stream or lake bottom sediment may be the reservoir of E.
coli (Stephenson and Rychert, 1982), it has been proven that sediment is suitable
environment for fecal microorganism survival, and microorganism growth attributed to
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the availability of organics and nutrients (Davies et al., 1995; Doyle et al., 1992; Sherer et
al., 1992). Mean fecal coliform counts are usually much higher in sediment than in the
surface waters (An et al., 2002; Matson et al., 1978). In a number of field studies about
the microbial export from watersheds, the re-suspension effects of the bacterial-laden bed
sediments were considered as the main reason for the variation of the bacterial
concentration in surface water (McDonald et al., 1982; Nagels et al., 2002; Sherer et al.,
1988). Especially, in Jamieson et al., (2005), the bed shear stress was considered as the
determination of the re-suspension of bacteria associated with particles during the whole
storm events. Moreover, the microbial partitioning in surface water also has been
addressed by several previous studies. Most of their results obtained by several filtration
techniques, showed that the particle-associated organisms comprise with substantial
fraction (Jeng et al., 2005; Mahler et al., 2000). Although these results suggest that a
substantial fraction of microbes are associated with particles, they are less useful in
evaluating the impacts of partitioning on microbial transport, because filtration separates
on the basis of particle size, and makes no distinction regarding particle density
(Krometis et al., 2007). So, a calibrated centrifugation technique to quantify the
partitioning of indicator organisms to denser, ‗‗settleable‘‘, particles in the water column
of receiving waters has been used (Characklis et al., 2005; Krometis et al., 2007).
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Chapter 3: Materials and Methods
Water Sampling
Before sampling, the glass bottles for grab samples should be prepared by acid washing
with 5N hydrogen chloride, HCl, then rinsed by DI water and put them into Muffle oven
to bake at temperature 450oC for 4 hours (Imai et al., 2001). The discrete water samples
during the storm events were collected by an ISCO automatic sampler (Model 3700)
equipped with Teflon sampling tubing and silicone peristaltic pump tubing from the site
(Appendix A, Figure. A-1), Beaver Creek, Powell (USGS 03535200) (36o1‘ 6‘‘N;
84o3‘6‘‘W), which are nearby the USGS gage established to detect the flow rate every 15
min (Appendix A, Figure. A-2). Before the application of ISCO auto-sampler, the
plastic vials containing the water samples should be washed and then soaked by DI water
for one day. The DI water in the bottles of the auto-sampler was applied for the blank
control. For each of the storms, weather reports were checked for the estimation of the
starting time and the duration of the storms. Then the ISCO sampler was programmed
and set on the site described above before the storms. The water samples during storms
were collected at either 3 or 4 hours interval based on the period of the storms generally,
similar with some researchers‘ methods for storm sample collection (Buffam et al., 2001).
After collection, the pH and conductivity of water samples both from base flow and storm
events were measured immediately on the field and then transferred them to laboratory
with icebox.
Flow Rate and Precipitation Date
The flow rate and the rainfall data of the Beaver Creek during the storm events can be
measured by the USGS gauge (03535200) established near the site, Powell, where the
water samples were collected. The real data of the sampling site are available from the
USGS official website, which detect the flow rate and precipitation every 15 and 5 min
respectively.
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Water Pretreatment
After sampling, each of the water samples were filtered by glass fiber filter (0.7um,
Waterman GF-F, baked at 450oC for 4 hours before use) based on standard procedures
(Imai et al., 2002; Imai et al., 2001; Westerhoff and Anning, 2000) and acidified to pH 2
by high concentrated HCl (6N).
DOC and SUVA Measurement
After preparation, the water samples were kept at 4oC and analyzed as soon as possible.
The UV254nm (at wavelength of 254nm) (Thurman, 1985) of each sample was measured
by UV-visible spectrophotometer (Beckman DU-600) using two side clear quartz cell
with 1cm length. All the spectra of the samples were referenced to a blank spectrum of
deionized water.

The DOC concentrations were measured on already acidified (pH 2) water samples by a
Shimadzu TOC-VCHS high temperature (680 or 720oC) catalytic oxidation analyzer
combined with an ASI auto-sampler (Appendix A, Figure. A-3), which was
programmed for non-purgeable organic carbon (NOPC) measurement. Before DOC
determination, the standard curve was set up first with the KHP standard solution. For
each sample determination, 2-5 injections with 50uL volume were applied and the
precision, presented as coefficient of variance (CV) was <2.5%. The values of the mean
area detected by the infrared sensor should be corrected for the instrument blank (Benner
and Strom, 1993). After DOC concentrations of the samples were measured, the
commonly used optical parameter, SUVA with unit, L mgC-1m-1, indicating the aromatic
characteristics of the water samplers was calculated by the ratio of UV254nm to DOC
concentration (mg C/L) and then timed by 100 (Fabris et al., 2008; Fernando L. RosarioOrtiz et al., 2007; Hernes et al., 2008; Imai et al., 2001; Sachse et al., 2001; Westerhoff
and Anning, 2000). The reason why the 254nm wavelength was chosen is that the
maximum UV absorbance for phenolic, benzene, carboxylic and polycylic aromatic
compounds with π- π transition will occur at a wavelength 254nm and the presence of
nitrate or borate will not affect the measurement (Buffle et al., 1982).
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DOC Fractionation
The DOC fractionation of the water samples can be fulfilled by resin absorption with 3
kinds of macro-porous resin adsorbents to fractionize the DOC into 5 parts, defined and
categorized by many researchers (Imai et al., 2002; Imai et al., 2001; Leenheer, 1981):
AHS (aquatic humic substances including humic and fulvic acid), HoN (hydrophobic
neutral substances), HoA (hydrophobic acid), BaS (base substances), HiA (hydrophilic
acid). The storm water samples taken from the peak flow for each of storm events were
analyzed by DOC fractionation method.

In the first step, nonionic Amberlite XAD-8 resin (20–60 mesh size), strong cationexchange resin (Bio-Rad AG-MP-50, 50–100 mesh) and strong anion-exchange resin
(Bio-Rad AG-MP-1, 50–100 mesh) were conditioned. The column-capacity factor, k, for
separating hydrophobic acids through the XAD-8 resin column was decided as 50. This
separation condition for XAD-8 was the same as that used for isolating AHS from natural
waters using the XAD-8 resin (Malcolm et al., 1989; Leenheer, 1981; Thurman and
Malcolm, 1981). Appropriate classification of organic compounds according to the DOM
fractions is listed in Appendix A, Table. A-1 (Imai et al., 2001; Leenheer, 1981;
Thurman, 1985). The XAD-8 resin was cleaned and conditioned as described by
Thurman and Malcolm (1981). Three milliliters (wet volume) of the XAD-8 resin were
packed into a glass column (Sigma) and rinsed 3 times, alternating 0.1M NaOH with 0.1
M HCl each time. A blank sample was collected from the final rinse with 200ml Milli-Q
water (B1) (Imai et al., 2001). Both the AG-MP-50 (hydrogen form) and AG-MP-1
(chloride form) resins were Soxhlet extracted with methanol for 24 h. AG-MP-1 was then
converted into the free-base form with 1M NaOH and rinsed with Milli-Q water. Glass
columns (Sigma) containing 6ml (wet volume) of the cation resin and 12 ml (wet
volume) of the anion resin were connected in series and conditioned by pumping about 1
L Milli-Q water through the resins. Blank samples (B2 and B3) were collected from each
column after conditioning. The steps were as follows: (1) acidified the filtrate (DOM1) to
pH 2.0 with 6 N concentrated HCl and passed 200 ml of the water samples filtrated
through the XAD-8 column using a peristaltic pump (Master Flex L/S 7518-00, Cole-
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Parmer Inc) with Tygon tubing at a flow rate of 1ml/ min (Appendix A, Figure. A-4).
Then rinse the column with 1–2 bed volumes of 0.1M HCl; (2) elute the column in the
reverse direction with about 6 bed volumes, about 24mL of 0.1N NaOH at a flow rate
less than 0.5 ml/ min (DOM2), and measured the elutant volume; and (3) pumped the
effluent from the XAD-8 column (DOM3) through the series of cation–anion resin
columns at a flow rate of 1ml/ min, and after pumping 1–2 bed volumes of the sample,
collect elutant samples from the anion resin column (DOM5) and then from the cation
resin column (DOM4). DOM fractionation was done in duplicate for each sample. (The
whole procedure described above for DOC fractionation are demonstrated in Appendix
B, Figure. B-1). After fractionation, dissolved organic carbon (DOC) was measured for
DOM 1–5 and for the blank samples by TOC analyzer mentioned above. The equations
used to calculate each fraction of DOC are shown in Appendix B (Imai et al., 2001).

Total Nitrogen (TN), Nitrate, and Soluble Reactive Phosphorous (SRP)
Measurement
Total nitrogen (TN) concentrations of water samples were analyzed by a total nitrogen
measurement unit (TNM-1, Shimadzu). Before TN determination, the standard curves
were set up first with the 10ppm potassium nitrate standard solutions. For each sample‘s
TN determination, 2-5 injections with 50uL volume were applied and the precision,
presented as coefficient of variance (CV) was <2.5%. The values of the mean area
detected by the infrared sensor were corrected for the instrument blank. The
concentration of Nitrate (NO3-) samples were decided by the UV spectrophotometric
screening method (Standard Methods 4500 B, APHA, 2005) (Karlsson et al., 1995). At
first, prepared the standard curve with the range 0-7ppm of potassium nitrate (KNO3) and
read the absorbance under the wavelength of 220 and 275nm with two sides clear quartz
cell with 1cm length respectively. All the spectra of the samples were referenced to a
blank spectrum of deionized water. Because of the interference of the organic matter at
wavelength 275nm, then subtract two times of absorbance reading at 275nm from that
under 220nm to obtain the absorbance due to nitrate. Then construct a standard curve
(Appendix B, Figure. B-2), UV absorbance against the standard NO3--N concentration.
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Added 1mL HCl to each of the samples before measurement and calculated the
absorbance following the same way for standard samples. Then the nitrate concentration
can be decided by the standard curve.

Soluble reactive phosphorus (P-SRP) of the water were decided colorimetrically by
molybdate-antimony blue method (Murphy and Riley, 1962). Similarly, at first, the 40mg
P/L of potassium dihydrogen phosphate (KH2PO4) solution was diluted to construct the
standard curve of the phosphorous (SRP) with a range from 0 to 100μg-P/L. The
procedures were: (1) Mix thoroughly 100mL 5M sulphuric acid (H2SO4), 30mL 40g/L
Ammonium molybdate, 60mL 0.1M Ascorbic acid and 10mL 1mg Sb/mL potassium
antimonyl tartrate sequentially; and (2) Pipette 2mL of the mixed reagent to 10mL each
of the KH2PO4 standard samples with a series of concentrations. The optical densities of
the resulting molybdenum blue complexes were measured with 882nm wavelength in two
sides clear quartz cell and then built the standard curve by plotting the absorbance against
the standard concentrations (Appendix B, Figure. B-3). The concentrations of the water
samples were also decided by the same way.
Calcium and Magnesium Measurement
The basic cations, Ca2+ and Mg2+ were measured by ICP-AES instrument (Intrepid II
XSP, Thermo). Before measurement, the samples should be acidified (pH<2) by
concentrated nitric acid (1:1). In order to avoid the over range of the standard curves due
to the high concentrations, the original samples were diluted by DI water by the ratio 1:10
first. The calibration, detection control were applied for each sample‘s measurement.

Total Suspended Solid (TSS) Measurement
TSS concentrations for the storm water samples collected during summer, 2009 were
analyzed by the standard method 2540D (APHA, 2005). 50ml volume of samples was
chosen to filtrate through glass fiber filter, with 0.7μm pore size (Waterman GF-F). For
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each of the samples, TSS concentration was decided by triplicate measurements.
Throughout the whole processes, DI water was applied for blank control.
E. coli Enumeration
All of the storm water samples were processed for the E. coli enumeration by membrane
filtration method within 24hr collection. Difco

TM

MI medium containing a chromogen,

indoxyl-β-D-glucuronide, and a fluorogen, 4-methylumbelliferyl- β-D-galactopyranoside
was used as an enzyme-specific growth medium to differentiate E. coli from others
coliforms (Brenner et al., 1993). Following the EPA procedures (USEPA, 2002), the MI
agar plates and the working solution were prepared. MI agar was made by the ratio: 36.5g
(reagent)/L and heated to boil for 1 minutes. After autoclaved at 121 oC for 15 minutes,
the agar were cooled in water bath at 50oC. Added 5mL freshly prepared filter-sterilized
solution of cefsulodin (1mg/L) into per 1 liter of agar solution. Then added 2-3 mL
melting agar into each Perish plate and let them consolidate. The phosphate buffer
working solution was prepared with potassium dihydrogen phosphate and anhydrous
magnesium chloride in concentrations: 85mg/L and 190mg/L respectively and then
autoclaved at 121oC for 15 minutes. Before the filtration, all of the filtration apparatus,
containers, pipets were also autoclaved at 121oC for 20 minutes at first. Then all of the
samples were diluted by a series of times (1:10, 1:25 and 1:50), using phosphate buffer
saline (PBS), with final pH 7.0± 0.2, to a total volume of 100ml and filtrated through
sterile grid membrane (0.45μm pore size, Millipore) in order to make the number of the
colonies on plates range from 20 to 80. The filters were placed onto absorbent pads in
47mm Perish dishes containing 3-4ml MI agar medium. All of the dilutions were assayed
in triplicate and the blank control plates filtrated PBS were also applied to verify that
there was no cross-contamination. A germicidal ultraviolet (254 nm) light box was used
to hold and sanitize the funnel between filtrations. At least 2 minutes of exposure time
was required for funnel decontamination. The inverted plates were then incubated at 35oC
for 24 hr. After incubation, the blue dots on the plate were counted for E. coli under
normal/ ambient light and the colony-forming unites (CFU) per 100ml for each of the
water samples were calculated by multiplying the dilution factors (USEPA, 2002)
(Appendix C, Figure. C-1).
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Microbial Partitioning
For the microbial partitioning experiment, a Sorvall RC-5B+ centrifuge (Kendro, US)
with a F15-8×50C rotor (Fiber Lite, Piramoon Technologies Inc) was used for solid–
liquid separation to separate the ‗‗settleable‘‘ particles (and associated microbes) from the
free phase organisms and less dense particles. Based on the similar previous studies
(Characklis et al., 2005; Krometis et al., 2007), the speed of spinning the samples was at
1164g (3000-3500 rpm) for 10 min with a brake of 4 min, while holding temperature
constant at 4oC. Following the centrifuge, the supernatant for each of the water samples
was removed for the analysis of the E. coli enumeration based on the same procedures
mentioned above. Then the quantity of the microbes associated with settable particles can
be decided by the difference between the CFU values of raw water and supernatant
samples.

This centrifugation procedure was originally calibrated by Characklis et al. (2005), using
poly-dispersed (with diameter, 2–60 μm) suspensions of standardized glass (density=2.65
g/cm3) and latex beads (density=1.05 g/cm3) which served as surrogates for inorganic
particles (clays, silicates) and organic particles and/or free phase microbes, respectively.
Through centrifugation, over 90% of the latex beads less than 10 μm in diameter were
recovered in the supernatant, while over 97% of glass beads greater than 5 μm were
removed from suspension. These findings suggested that while most of inorganic
particles will be removed by this procedure, the majority of organic material, including
free-phase cells, will remain in suspension (Krometis et al., 2009). The former
experiment using a mass balance approach confirmed that centrifugation does not result
in measurable bacterial die off or loss of culturability (Fries et al., 2006). Base on the
previous definition, particles and particle-associated microbes that are removed via
centrifugation are heretofore operationally defined as ―settleable,‖ while microbes
remaining in suspension are considered to be in the ―free‖ phase or associated with
smaller or less dense, largely organic, particles. The concentration of settleable microbes
is the difference between the concentration in the raw sample and that in the supernatant
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of the centrifuged sample. The procedures mentioned above for total, suspended and
settleable E. coli were summarized as a flow chart in Appendix C, Figure C-2.
Carbon and Nutrient Flux Estimation
Theoretically, the best estimation of the flux is derived from the 4 hour data taken
continuous from the high intensive monitoring period (Clark et al., 2007; Walling and
Webb, 1985). Due to the high frequency of sample collection (usually 3-4 hour time
interval or even less) during storms in this study, the flux can be calculated by the product
of the nutrient concentration and the average flow discharge and then convert it to flux by
dividing the product by the catchment area (mass of nutrient exported per unit of time and
per unit of area, kg yr-1 ha-1, generally applied). The average of the flow discharge was
estimated by integrating the instantaneous 15 min discharge obtained from USGS gage
over the time interval between the two samples collected in order to best estimate the
actual carbon or nutrient export by stream during this time period.

However, for the estimation of the flux during long time intervals, such as the base flow
flux, the results are likely influenced by the low sampling frequency (two weeks
averagely). So, the Method 5 introduced by some scientists who applied it for river
loading (Littlewood, 1992; Walling and Webb, 1985) was adopted to calculate the
nutrient load during the time period of base flow. Method 5 is considered as the best
estimate of load, where a record continuous flow rate is available (Littlewood, 1992;
Walling and Webb, 1985).
n

Ci Qi

Total load= K (

i

)Qr

1
n

(1)
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i

1

K=conversion factor to take account of period of record (the number of seconds during
the time period in this study).
Ci=instantaneous concentration associated with individual samples.
Qi=instantaneous discharge at the time of sampling.
Qr= the mean discharge of flow rate based on the 15 min continuous record from USGS.

18

The total nutrient load estimated by the equation (1) can be converted to the flux by
dividing the catchment area.

Hydrological Subdividing
The criterion used to distinguish three hydrological periods was the hydrograph
separation method proposed by (Hewlett and Hibbert, 1967). The start of the storm flow
period is defined by an increase in stream discharge; the end of the period is defined by
adding 0.0055 L/s to the stream base flow for each hectare of catchment area for each
hour (0.05 ft3/s/mi2/hr) (Hinton et al., 1997). So, the hydrological graph under each storm
event was divided into two main periods: rising limb (from base flow to the peak flow),
and recession flow (after the peak until the end of the storm flow) (Appendix C, Figure.
C-3). The peak flow was defined as the 10-15% of the whole storm period around the
highest flow rate.
Data Analysis
The linear correlations/regressions between the flow rate and nutrient concentration, flux
and the basic cations in each of the storm events were analyzed. Additionally, to be able
to estimate the impacts of the pre-event hydrological state of the watershed, on the
nutrient exports, the 7-day antecedent precipitation was introduced (Wagner et al., 2008).
Then the regression was used to confirm this parameter‘s significance combining with
other factors, such as the amount and intensity of each storm event with statistical
software, JMP (version 7, SASS Institute Inc).

On the other hand, in order to group these total nine storms events into typical categories,
the cluster analysis (Eulclidean distance and Ward‘s aggregation method) was applied to
test the significance of the overall difference between group variations (Piscart et al.,
2009) based on the parameters of the storms including the rainfall amount, intensity, the
flow rate variation.
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The DOC aromatic parameter, SUVA under the same type of storm events was combined
and plotted verse the normalized time period, which was fulfilled by converting each of
the whole storm periods for sampling as a one time unit. Each of the DOC fractionation
was presented as the percentage form in this study. In order to compare the DOC fraction
and SUVA variation patterns caused by storms and their differences among different
types of rainfall events, ANOVA test was applied to compare the differences of the DOC
fractions and SUVA under different categories. Each Pair Student‘s method was applied
to decide the significant differences between the two categories.

The linear correlations/regressions between the E. coli in stream flow and the parameters,
such as, flow rate, DOC concentration, TSS in each of the storm events were performed
respectively, which included the rising, recession and total flow conditions in order to
figure out the dominant factors controlling the export of E. coli during different
hydrological periods. Additionally, to be able to estimate the impacts of the pre-event
hydrological state of the watershed, on the DOC export, the 7-day antecedent
precipitation was introduced (Wagner et al., 2008). In order to compare the suspended E.
coli and its ratio of the total E. coli patterns among three main hydrographical categories:
rising, recession limbs and peak flow respectively, ANOVA test was performed and Each
Pair Student‘s method was used to decide whether differences between the three
categories are significant. In this study, the statistical software, JMP (version 7, SASS
Institute Inc) was applied to process the data analysis. By controlling the level of
significance at α=0.05 and 95% confidence interval, p<0.05 means the correlations or the
differences between the two variables or categories are statistically significant.
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Chapter 4: The Impact of Storm Events on Dissolved Organic Carbon
Export
Abstract
In order to evaluate the impacts of different types of storms on the DOC export, storm
water samples collected by an auto-sampler in total nine storm events during a period
from October 2008 to February 2009 from the Beaver Creek watershed near Powell,
Knoxville, Tennessee were analyzed. Based on the characteristics of these storm events,
three categories, small, moderate and heavy storms were grouped by cluster analysis. The
linear relationships between DOC concentration or flux and the flow rate, ‗Q‘ indicate
that the positive correlation between DOC flux and storm discharge was significant only
**

during heavy storms (R2>0.7, p<0.0001 ). The SUVA, an indicator of the aromaticity of
the aquatic samples, showed more obvious fluctuations (from 2.5 to 7) under heavy
storms conditions than it under other two storm types (ranged from 2.5 to 4). Consistent
with the patterns of the SUVA values under three storm categories, the results of the
DOC fractionations of peak flow for three storm categories indicated that: (1) Aquatic
humic substances (AHS) and the hydrophilic acids (HiA) together under peak flow were
basically 70-90% of the DOC concentration averagely, and the AHS parts were always
comprised most; (2) there is the significant increase trend of the AHS part among three
*

storm categories, from small to heavy rainfall (p=0.01 ) (3) The ratio of AHS/ HiA
reflecting the compositions of DOC showed the similar patterns that the average ratio
under heavy storm is bigger. (4) The relatively constant percentages of HiA part, 20-30%
had no apparent patterns of variations under different storm types. These indicated that
the increase of DOC flux during high flows could be attributed to the greater inputs of
allochthonous organic carbon facilitated by the formation of preferential flow path of
precipitation through the upper soil horizon during intense storm events, while flow path
under light precipitation may origin from the deeper soil layer.
Keywords: Dissolved organic carbon (DOC), DOC flux, Storm events, SUVA, humic acids (AHS),
hydrophilic acids (HiA)
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Introduction
Dissolved organic carbon (DOC), a heterogeneous mixture of various organic compounds
(Perdue and Gjessing, 1990), in aquatic systems play important roles in carbon cycling,
transport of pollutants, stream acidification, and formation of toxic disinfection byproducts during potable water treatment (Kaplan and Newbold, 1993; Kavanaugh, 1978).
Thus, understanding the dynamics of DOC in streams is critical to the development of
sustainable strategies for water quality management and environmental protection. Since
carbon loading in storm discharges typically represents a large majority of the annual
carbon export from streams (Buffam et al., 2001), some studies have investigated the
impact of precipitation events on the transport of DOC (Clark et al., 2007; Hinton et al.,
1997; Inamdar et al., 2006).

During storm events, a positive correlation has been found between DOC concentration
and stream discharge (Buffam et al., 2001; Edwards and Cresser, 1987; McDowell and
Likens, 1988; van Verseveld et al., 2008; Wagner et al., 2008). Efforts to identify the
sources of additional DOC input during storm events suggest the increased allochthonous
organic carbon loading from runoff discharge as the primary mechanism (Johnson et al.,
2006; van Verseveld et al., 2008; Wagner et al., 2008). However, a negative correlation
between DOC concentration and storm flow rate was also observed in several other
studies (Billett et al., 2006; Bishop and Pettersson, 1996; Laudon et al., 2004). Given the
dependence of carbon transport processes on hydrologic conditions (Dalzell et al., 2007;
Hinton et al., 1997), this inconsistency may give trouble for predicting the DOC exports
under wet conditions accurately. Therefore, only considering the storm impacts without
the types may not be reliable.

Although many factors are known to influence the export of organic carbon at the
watershed scale during the storms, including soil characteristics, climate, antecedent
moisture conditions, vegetation, and land use (David and Vance, 1991; Gueguen et al.,
2006; Judd and Kling, 2002; Schiff et al., 1998; Wagner et al., 2008), from the previous
studies, critical factors such as, precipitation intensity, amount, have rarely been
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considered. In order to better understand and predict the DOC transport pathways and its
origins during storms, it is necessary to monitor the dynamic change of DOC fraction
during a relatively short hydrological period. Although some studies indicated that the
DOC fraction or composition of the base flow water samples taken from different
watersheds showed seasonal patterns (Guéguen et al., 2006) and can be by land use, soil
types (David and Vance, 1991), the DOC fraction variations during a whole storm event
and the patterns influenced by different types of storms potentially are still not fully
understood. So, the comparisons of the characteristics or compositions of the DOC in
peak flow among different storm categories are meaningful to suggest possible origins
and the pathways of the DOC. Therefore the objectives in this study are: (1) characterize
the relationship between the water flow rate and DOC concentration and flux under
different storm types. (2) Also monitor the DOC fraction variation during the peak flow
of the storms and compare these patterns influenced by different storm types potentially;
and (3) suggest possible origins and pathways of the DOC transported into the stream.
The total nine storms events from Oct, 2008 to Feb, 2009 were monitored.

Methods and Materials
Study Area
Beaver Creek Watershed, a 223 km2 (86 mi2) area (25 miles long and 3.5 miles wide) is
located in northeast Knox County, Tennessee. Beaver Creek, which is a 3rd order stream
generally flows from northeast to southwest, confined by Copper Ridge to the north and
Black Oak Ridge to the south. The topography of the Beaver Creek watershed is
characterized by a broad floodplain and rolling hills between two ridges. The stream
network is characterized by mild gradients, with a valley slope of 0.0013%. The soil type
in the watershed is mainly comprised with Fullerton-Bodine-Clarksville (TN110) and
Dandridge-Lindside-Sequoia (TN128), 41% and 36% approximately (State Soil
Geographic database, STATSGO, (USDA, 1997). The region has a humid subtropical
climate with regular periods of below freezing temperatures in winter. Air temperature in
Knoxville ranges from an average January low of 38º F to an average high of 87º F in
July. In the average year, there are 48.2 inch of total rain, 9.9 inch of snow, and 128 wet

23

days (NEW, 2008). Approximately 35% of the land in the Beaver Creek Watershed is
used for residential land purposes compared to 6% for commercial and industrial uses.
Agricultural land uses occupy 21% of the watershed, and forest covers 35%. The entire
about 86-mi2 Beaver Creek watershed was found to be approximately 23% urban. Beaver
Creek has served as a vital natural resource for area residents. In the last 20 years,
however, the watershed has seen a significant increase in the rate of development. The
primary impacts to Beaver Creek and its tributaries are sediment, nutrients and pathogens
from agricultural and urban runoff; nutrients and pathogens from municipal point sources
such as sewage treatment plants; and habitat alteration due primarily to land
development.

Powell

Figure. 4-1. The sampling site, Powell in Beaver Creek watershed, Tennessee, US.
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Water Sample Collection
Base flow water samples of the Beaver Creek were collected near Powell (36o1‘ 6‘‘N;
84o3‘6‘‘W), with 56.1 mi2 drainage area, which is nearby the USGS gage (03535200)
established to detect the flow rate and precipitation every 15 and 5 min respectively along
with the Beaver Creek biweekly from Oct, 2008 to Feb, 2009 (Figure. 4-1). More than
three samples were taken for each time. The discrete storm water samples were collected
by an ISCO automatic sampler, following the methods mentioned in Chapter 3. After
collection, the pH and conductivity of water samples both from based flow and storm
events were measured immediately on the field and then transferred them to laboratory
with icebox and kept at 4oC in for chemical analysis as soon as possible.

Hydrological Subdividing
The hydrological graph under each storm event was divided in to three periods: base
(before precipitation), peak and recession flow (after the peak until the end of the storm
flow) based on the criterion used for hydrograph separation proposed by (Hewlett and
Hibbert, 1967) (shown in Appendix C, Figure. C-3).
Chemical Analysis
Water samples were filtered through glass fiber filter (0.7um, Waterman GF-F, baked at
450oC for 4 hours before use) (Imai et al., 2002; Imai et al., 2001; Westerhoff and
Anning, 2000). After filtration , the UV254nm (at wavelength of 254nm) (Thurman, 1985)
of each sample was measured by UV-visible spectrophotometer (Beckman DU-600). The
DOC concentrations were measured on already acidified water samples by a Shimadzu
TOC-VCHS high temperature (680 or 720oC) catalytic oxidation analyzer. After DOC
concentrations of the samples were measured, the optical parameter, specific ultraviolet
absorbance, SUVA with unite, L mg-1m-1, indicating the aromatic characteristics of the
water samplers was calculated by the ratio of UV254nm to DOC concentration (mg C/L)
and then timed by 100 (Fabris et al., 2008; Hernes et al., 2008; Imai et al., 2001; RosarioOrtiz et al., 2007; Sachse et al., 2001; Westerhoff and Anning, 2000).
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DOC Fractionation
The DOC fractionation of the water samples was carried out by liquid chromatography
with 3 kinds of macro-porous resin adsorbents to fractionize the DOC into 5 parts: AHS
(aquatic humic substances including humic and fulvic acid), HoN (hydrophobic neutral
substances), HoA (hydrophobic acid), BaS (base substances), HiA (hydrophilic acid),
defined and categorized by many researchers (Imai et al., 2002; Imai et al., 2001;
Leenheer, 1981). The storm water samples taken from peak flow for each of storm events
were analyzed by DOC fractionation method.

After following the procedures about the resin packing and conditioning (Imai et al.,
2001; Leenheer, 1981), the five main parts of DOC can be fractionized by passing
through resin columns (described in Chapter 3). Dissolved organic carbon (DOC) was
measured for DOM 1–5 and all of the five fractions were calculated by the equations
provided by (Imai et al., 2001).
DOC Flux Estimation
Theoretically, the best estimation of the DOC flux is derived from the 4hour flow rate
data taken continuously from the high intensive monitoring period (Clark et al., 2007;
Walling and Webb, 1985). Due to the high frequency of sample collection (usually 3-4
hour time intervals or even less), the DOC flux can be calculated by the product of the
DOC concentration and the average flow discharge and then convert it to DOC flux by
dividing the product by the catchment area (unit, kg yr-1 ha-1, generally applied).
Data Analysis
In order to group these total nine storms evens into typical categories, the cluster analysis
(Eulclidean distance and Ward‘s aggregation method) was applied to test the significance
of the overall difference between group variations (Piscart et al., 2009) based on the
parameters of the storms including the rainfall amount, intensity, the previous soil
moisture conditions (7-day antecedent precipitation), which is applied to estimate the
impacts of the pre-event hydrological state of the watershed (Wagner et al., 2008). Then
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the linear correlations/regressions between the flow rate and DOC concentration, flux and
SUVA in each of the storm events were analyzed.

The DOC aromatic parameter, SUVA under the same type of storm events was combined
and plotted verse the normalized time period. Each of the DOC fractionation was
presented as the percentage form in this study. In order to compare the DOC fraction and
SUVA variation patterns caused by storms and their differences among different types of
rainfall events, ANOVA test was applied to compare the differences of the DOC fractions
and SUVA under different categories. Each Pair Student‘s method was applied to decide
the significant differences among three categories. In this study, the statistical software,
JMP (version 7, SASS Institute Inc) was applied to process the data analysis including
cluster analysis. With the level of significance at α=0.05, p<0.05 means the correlations
between the variables or the differences between the two categories are statistically
significant.

Results
Characteristics of Intra-storms
Although the storm water samples were tried to collected previously, the amount of the
precipitation from November, 2008 to January, 2009 are more intensive than other
periods and the increase of the flow rate during this period are also obvious. Due to the
large amount of precipitation accumulated, the heavy storm events usually occurred
during these two months. However, unfortunately, due to flood events happened in early
December, 2008 and January, 2009 (indicated in Figure. 4-2), it was difficult to get the
excess to the sampling site and the data during these two events were not available. In
Table. 4-1, the range of the flow rate, the amount of the precipitation, the average storm
intensity and the antecedent precipitation condition of each of the storm events chosen
were summarized. For the storms #6, 8, 9 the variations of the flow rate, Q between the
base and peak flow are much larger, about 6-7 times increase, than the flow rates under
storms, #1, 2, 3 especially, which have only about 30-50% increase averagely.
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Additionally, the amount of the precipitation and the intensity of Strom # 6, 8, 9 are
always larger than these of Storm # 1, 2, 3. Especially, for #6 and 7 storm event the much
higher antecedent precipitation also indicates the high potential of the overland flow
forming due to high soil moisture content (Goswami et al., 2009).

Table 4-1. Characteristics of nine storms from Oct, 2008 to Feb, 2009.
Date
Strom#

Total
precipitation

Average Storm
intensity×10-2

(inch)

(inch/hr)

Base Flow

Peak flow

(cfs)

(cfs)

7-day
antecedent
precipitation
(inch)

1

Oct, 08-10, 2008

1.22

4.02

8.9

16

0

2

Oct, 24-26, 2008

0.61

4.17

8.7

10

0.17

3

Nov, 07-09, 2008

0.33

4.72

8.9

9.4

0

4

Nov, 13-16, 2008

1.31

4.02

9

60

0.41

5

Nov, 29-Dec, 02, 2008

1.19

3.11

6.3

25

0.42

6

Dec, 16-19, 2008

1.7

7.60

77

220

4.57

7

Dec-24-27, 2008

0.68

10.79

43

84

1.59

8

Jan, 27-31, 2009

1.5

12.00

37

230

0.01

9

Feb, 18-20, 2009

1.64

13.54

45

357

0.54

The Base flow was defined as the hydrographical periods before the discharge increase and precipitation.
The total amount of precipitation just represents the point value measured by USGS gauge.
Feb, 18-20, 2009
The average storm intensity was calculated by dividing 1.64
the total amount of precipitation by the duration of rainfall.
1.64
3.44
3.44
45
45
357
45
357
0.54
357
0.54
0.54
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Date
Figure. Beaver Creek discharge and rainfall measured by USGS at Powell, Knoxville, Tennessee from
October, 2008 to February, 2009. The Roman numbers stand for the number of the storm events.

Table 4-2. Creteria of precipitation and storm intensity for the classification of storms.
Storm Categories
Small
Moderate
Heavy

Precipitation (inch)
<1.00
0.70-1.30
1.5-1.7

29

Average Intensity ×10-2(inch/hr)
4.2-4.8
3.0-11.0
10.0-14.0

6
5
4
3
2

1
4
5
7
2
3
6
8
9

1

Between groups distances

0

S

M

H

Figure. 4-2. The dendrogram tree diagram of the total nine storms by hierarchical cluster analysis
categorizing three types of events: Small (S) storm event (#2 and 3); Moderate (M) storm event (#1, 4, 5
and 7) and Heavy (H) storm event (#6, 8 and 9). In Ward's variance method, the distance between two
clusters is the ANOVA sum of squares between the two clusters added up over all the variables. The
distance Scale shows the actual joining distance between each join point.

Cluster Analysis
Based on the parameters of the storms including intensity, amount of precipitation, 7-day
antecedent precipitation, there are mainly three categories of storm conditions separated
by cluster analysis (shown in Figure. 4-3). Based on the distances of the branches for
each of the storms, the nine storm events were categorized into three groups: small storm
events (#2, 3), moderate storm events (#1, 4, 5 and 7) and heavy storm events (#6, 8, 9).
The boundary condition information of these three storm categories were summarized in
Table. 4-2.
The Comparison of the Water Quality between the Base and Peak Flow Under
Three Storm Categories
Based on the results of the comparisons between the base and peak flow water quality
under three storm categories, the types of the storms didn‘t seem to influence the pH
apparently. It kept constant between 7.6 and 7.8 on average. However, conductivity was
found significantly decreasing trend with flow rate (R2=0.55, p<0.0001**) (Appendix C,
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Figure. C-4) which is consistent with the observations from previous studies that the
stream water electrical conductivity was more influenced by the variation of discharge
rate and appears negative relationship (Butturini and Sabater, 2000; Worrall et al., 2008).
Unlike the trend for conductivity, for the DOC and SUVA, their fluctuations under heavy
storm events are more obvious. Equally, it means the increase of DOC or SUVA from
base to peak flow is significant only under heavy storm conditions (p<0.0001** and
p=0.0021* respectively). On the contrary, the DOC concentration trend under small
storm category showed the opposite pattern that DOC concentration has been diluted by

8.2

Base flow

Conductivity[us/cm]

precipitation during peak flow condition (p=0.009*).

Peak flow

pH

8
7.8
7.6
7.4
Small

Moderate

600

Base flow
*

450
300
150
0

Heavy

Small

Moderate

(a)

8

Peak flow *

SUVA[Lm-1mg-1]

DOC [mg/L]

Heavy

(b)

4
Base flow

Peak flow
*

3
2
1
0

6

*
Base flow

Peak flow

4
2
0

Small

Moderate

Heavy

Small

Moderate

Heavy

(d)

(c)

Figure. 4-3. The comparison of the water quality between the base and peak flow under three storm
categories. (a) – (d) represent the comparisons of the pH, conductivity, DOC and SUVA between base and
peak flow under three storm types respectively. ―* ―standards for the statistical significant levels of the
water qualities between base and peak flow under three categories by one way ANOVA analysis. The
significant level was defined as p<0.05.
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Table 4-3. Peak flow water quality of the nine storms.
Storm Category a

pH b

Small

7.8±0.2 A

386±6 A

1.8±0.1 C

3.1±0.3 B

1.1±0.1 C

Moderate

7.7±0.2 A

325±39 B

2.2±0.5 B

3.3±0.5 B

5.8±3.5 B

Heavy
7.7±0.1 A
261±24 C
2.9±0.2 A
numbers in parentheses are the number of the peak flow samples.

5.8±1.1 A

47.3±15.2 A

a
b

Conductivity (us/cm) b DOC (mg/L) b SUVA(Lm-1mg-1) b DOC flux(kgyr-1ha-1) b

means value ± standard deviation.

―A, B and C‖ represent the significant difference levels from highest to lowest decided by ANOVA test with JMP (7.0
version) statistical software. The significant level was set as p<0.05.

Peak Flow Water Qualities of Beaver Creek under Three Rainfall Categories
From the results in Table. 4-3, the pH values of the river water under each storm
category‘s peak flow are relatively stable, around 7.7-7.8 on average, without large
variation during the increase of the flow rate by precipitation. By contrast, the
conductivity of the peak flow samples of the Beaver Creek also showed a decreasing
trend from small to heavy storm categories and was correlated with the flow rate
(R2=0.56, p<0.0001**) (Appendix A, Figure. A-3). For DOC concentration, flux and
SUVA of the stream water samples, they all have significant differences statistically
among three storm categories. Their values under heavy storm conditions were always
the greatest then those under moderate storms, while the values during small storm events
were the least. The DOC flux during heavy storms approximately is about 30-40 times of
that during small storms and belong to the high level of loss of organic carbon comparing
with the DOC flux results of other watersheds in previous studies, summarized by Hope
et al. (1994), while the low DOC flux results about 1(kg yr-1ha-1) under small storm
conditions, belong to low range.
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Parameter Correlations with Flow Rate under Storm Conditions
The correlations between flow rate and the water qualitative parameters (DOC
concentration, flux and SUVA) under each storm event (Table. 4-4) indicated that for big
storms (Storm#6, 8 and 9), DOC concentration significantly positively correlated with
flow rate (R2>0.7, p<0.0001**), while during small storms (Strom#1, 2 and 3), DOC
concentration negatively correlated with flow rate. Except storm events #2, 3, the DOC
flux basically positively correlated with flow rate (R2=0.6-0.98, p<0.0001**). It means
under heavy storm conditions, the DOC is highly transported by the water flowing into
the river channel. The correlations between flow rate and SUVA are also as strong as that
for DOC flux. Basically, the values of R2 raged from 0.1 to 0.3 and the correlations were
not statistically significant for storm events # 2 and 7, although some of them reached
above 0.5 for few storm events such as #2, 8 and 9. Or even for storm event #1, the
negative correlation occurred.

Table 4-4. Correlations between the flow rate, Q(cfs) and water quality parameters, DOC, DOC flux
and SUVA respectively, during nine storm events.
DOC (mg/L)

DOC flux (kgyr -1ha-1)

SUVA (Lmg-1m-1)

Storm#

R2

p-value

R2

p-value

R2

p-value

1

-0.355

0.0027*

0.640

<0.0001**

-0.229

0.0208*

2

-0.464

0.0002*

-0.0016

0.8546

0.541

<0.0001**

3

-0.040

0.3642

0.0037

0.7766

0.114

0.1058

4

0.328

0.0046*

0.955

<0.0001**

0.274

0.0103*

5

0.224

0.0195*

0.950

<0.0001**

0.255

0.0118*

6

0.735

<0.0001**

0.977

<0.0001**

0.328

0.0043*

7

0.242

0.0147*

0.875

<0.0001**

0.0314

0.4075

8

0.929

<0.0001**

0.937

<0.0001**

0.694

<0.0001**

9
0.946
<0.0001**
*means significant level at p<0.05.

0.970

<0.0001**

0.872

<0.0001**

** means significant level at p<0.0001.
Negative numbers indicate the negative correlation.
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DOC Flux
Based on the category results by cluster analysis, the linear relationships between peak
flow Q(cfs) and DOC flux (kg yr-1ha-1) for the three categories: small storms (a);
moderate storm (b) and heavy storm (c) are demonstrated in Figure. 4-5. The linear
forms for each of the categories are listed in three figures. The pattern shown in part (a)
for small storms didn‘t indicate any apparently linear relation with the low correlation
parameter, R2= 0.019 and larger p value, 0.7043, demonstrating that the DOC flux didn‘t
change much with the variation the flow rate (with small range of increase) during small
storm events or the DOC export was not influenced by the small rainfall. While, for the
other two categories, the linear relationship are more apparent especially for the heavy
storm category (R2= 0.99, p<0.0001**). The results indicate that the heavier of the storm
or rainfall, the better linear relationship between DOC flux and discharge rate exists and
the DOC are more feasible to be exported by the increase of river discharge due to the
precipitation. Additionally, from the linear formulas shown in parts (b) and (c), the slope
for the heavy storm condition in part (c) is about two times larger than that shown in part
(b) for moderate storm condition, which indicates that the DOC flux changing rate with
the variation of discharge rate is more sensitive or easily to be transported by the flow
rate during heavy rainfall events.
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Figure. 4-4. The linear relationship between the peak flow and the DOC flux under three storm categories:
(a) small storm events; (b) moderate storm events; (c) heavy storm events.
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SUVA
Due to the maximum UV absorbance for phenolic, benzene, carboxylic and polycylic
aromatic compounds with π-π transition at a wavelength 254nm, it can be applied as a
critical parameter to indicate the aromatic characteristics of water samples (Buffle et al.,
1982). In order to evaluate the impacts of different storm styles on the SUVA patterns of
variation, the normalization plot for the three categories of storms is shown in Figure. 45. The SUVA values for the small and moderate storm conditions kept stable and didn‘t
change much during the rainfall periods. However, for the heavy storm conditions, the
SUVA (Figure. 4-6) is almost all above the other two categories (SUVA range, 4-7
approximately) and is more susceptible to be influenced by the storms. The One Way
ANOVA analysis (Table. 4-4) also showed that SUVA values of the peak flow during
heavy storm events are significantly higher than these during small or moderate storms
(p<0.0001**).

8
7

SUVA

6
5
4
3
2
1
0
0

0.2

0.4

0.6

0.8

1

t/T
(Small Storm)
SUVA(Small
Rain)

(Moderate
SUVA(Mode
rateStorm)
Rain)

(Heavy
SUVA(He
avyStorm)
Rain)

Figure. 4-5. The variation of the SUVA under three storm categories. The SUVA values measured of the
samples taken from the storm events of which they belong to the same category combine together. The
whole storm time period for each of the events converted into a time unit and the time for the sampling
represents the percentage.
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DOC Fractionation at Peak Flow Conditions
Each of the five DOC fractions in this study presents one kinds of the organic matter:
AHS (aquatic humic and fluvic substances); HiA (sugar acids, fatty acids, hydroxyl
acids); HoN (hydrocarbons, pesticides, carbonyl compounds, LAS); BaS (aromatic
amines, protein, amino acids, amino sugars) and HiN (oligosaccharides, polysaccharides)
(Imai et al., 2001; Leenheer, 1981; Thurman, 1985). All of the five DOC fractions were
expressed as the normalized percentage values in order to comparing the fraction
variations under different conditions. Based on the results, the fraction part, AHS is
always the dominant fraction among these five parts, then the HiA. The sum of the two
parts is usually above 70%. The AHS fractions of the water samples during the peak flow
part are always the largest (50-70% generally), supported by previous studies (Imai et al.,
2001; Kukkonen et al., 1990; Ma et al., 2001).
Although the fractions of AHS and HiA (70-90% approximately in sum) are almost the
main compositions of DOC no matter the storm types, under heavy storm conditions, the
AHS part at peak flow, 65% averagely, is larger than that under other two conditions
(57% for moderate storm condition and 46% for small rainfall) and there is significant
difference between the heavy and small storm categories (p=0.0113*). For HiA parts of
DOC, its 25-35% percentage seems to keep constant without remarkable fluctuations no
matter the types of storms, which indicates the export of HiA during storms kept constant
and was not changed by flow rate. For other parts of DOC, there were no significant
variances observed comparing with that for AHS part due to the relatively small
percentage for other three compositions, around 20-25% totally, no matter the types of
the storms. It means the DOC fraction, especially for AHS part, is susceptible to be
influenced by the types of storms, while other fractions didn‘t indicate any obvious or
regulated patterns.
To evaluate the DOC composition variations during the peak flow under three storm
categories, the ratio of humic substances to hydrophilic acids, AHS/HiA, applied by some
scientists (David et al., 1999; Vance and David, 1989) was also used due to the DOC
dominant compositions, AHS and HiA. All ratio values shown in Figure. 4-7 (b) are
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above 1, which confirmed that the AHS percentage is higher than HiA and the most part
of DOC for all of the water samples from Beaver Creek. Under the peak flow condition,
the average values of the ratios under all of the three storm categories ranged from 1.8 to
even 3.5 and are more significantly higher than those under other two categories
(p=0.002*). These observations indicate that the significant change of the DOC fractions
is highly possible to happen under heavy storm condition.
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Figure. 4-6. Variations in DOC composition at peak flow of storm events in three storm categories
(small, moderate and heavy). (a) Representing the five parts (AHS, HiA, HiN, HoN and BaS) of the DOC
of peak flow under three storm conditions. (b) Box plots (median, upper (75%) and lower (25%) quartiles,
max, min, outliers) show the ratio of AHS/HiA (the two main DOC parts basically) of peak flow of storm
events under each of the storm categories. A, B and C stand for the statistical significant levels of the ratio
under three categories by one way ANOVA analysis. The significant level was defined as p<0.05.
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Discussion
The Storm Influence on DOC Concentration and Export
Based on the previous studies, the DOC concentration in streams generally increased
during the storm periods due to the increase of discharge, a major factor controlling the
output of organic carbon (Hope et al., 1994). Although, a portion of the study was
consistent with the increasing pattern of DOC with flow rate, the opposite relationship
was also observed in this study. The first three storms indicated a negative linear
regression relationship between discharge and DOC concentration although their
correlation parameters, R2 are not very high. This was unlike other results in which an
increase of discharge from 0.1 to 10 liter/s produced a 1.4 to 5.5 times increase of DOC
concentration (Edwards and Cresser, 1987; McDowell and Likens, 1988). However for
the storm events with larger amount of precipitation or high intensities (especially for
Storm# 6, 8 and 9), the relations showed a positive trend and higher level of correlation.
The highest DOC concentration near the peak flow ranges from 2 to 4 times more than
that of the base flow, consistent with the conclusions of the previous studies, although the
increase of the flow rate for this study was even higher (20-50 times). As shown in
Figure. 4-5, the DOC flux export has three different patterns under three categories of
storms. The linear regression relationship between DOC flux and peak flow was better
under large storm conditions than that under small storms. Due to the less magnitude of
the increase of the flow rate during small storm events comparing with the decrease of the
DOC concentration or the dilution effects of precipitation, the DOC flux even showed
decrease trend unlike the observations by Clark et al., (2007) that the DOC flux still
increased due to lager magnitude increase of flow rate although the DOC concentration
decreased during storms. For small and moderate storm types, the linear regression form
between DOC flux and flow rate is better especially for the heavy storm events.
Under heavy storm conditions, the concentration and flux of DOC increase significantly
due to the increased elevation of the water table and the washing out effects of the stems
formed on the banks along the streams (David et al., 1999). The DOC may also increase
as the accumulated precipitation passes through the vegetation canopy, forest floor, and
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the upper organic horizons of the soil (McDowell and Wood, 1984; Moore, 1989).
Experiments with intact soil cores and simulated rain have shown that water draining
through the upper horizons of a typical upland soil has a significantly higher DOC
concentration than water draining through the whole core (Edwards, 1984). And the rapid
movement of the DOC-rich water after passing through the upper soil horizons may make
it by-pass the absorption sites in the lower soil layer (Moore, 1989). However, for the
small rainfall events, it is less probable to form the stem flows accumulated on the
surface of the floor besides the stream, and the precipitation will likely seep though the
deeper layer of the soil slowly, mostly in the B horizon, and then it will finally flow into
rivers as seepage, in which the mineral materials can absorb DOC produced by the upper
layer as part of the podzolization process (McDowell and Likens, 1988; Schiff et al.,
1998). Along with the DOC elimination influence of absorption, the dilution effects of
the precipitation can also decrease the DOC concentration or even flux (Boyer et al.,
1997). Unlike the judgment that whether the DOC reservoir of the catchment or
watershed is infinite or finite only based on the dilution effects on the DOC concentration
during storms (McGlynn and McDonnell, 2003; Michalzik et al., 2001), the results shown
in this study indicate that the flow-path of the precipitation formed during different storm
events is the most likely to control the transport of DOC from sources into the stream
rather than whether the DOC reservoir is limited or unlimited. So, the relationship
between flow rate and DOC concentration in natural systems appears dependent on
hydrologic flow-path. The high Q leads to a saturated vadose zone and water passing
through the upper, organic-rich horizons of the soil column, while low Q values occur
when the vadose zone is unsaturated and water flow through the deeper, organic-poor soil
horizons (McGlynn and McDonnell, 2003).

SUVA
The ratio of the UV254nm to DOC concentration, SUVA254nm is the indicator of the percent
of the aromaticity of organic matter. Generally, the water quality of the base-flow
condition into the stream are the leachate or seepage from the deeper or B horizontal soil
layer and the ground water, which contained less percentage of humus and relative large
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molecular materials, such as aromatic chemical compounds (van Verseveld et al., 2009).
The SUVA at base flow is not very high and seems constant (around 3.0). The results of
studies on organic matter loss on hill-slope showed that SUVA values decreased from the
organic layer to the deep soil layer (70-110cm) and the SUVA values in stream water
were most similar to that from deep soil water (van Verseveld et al., 2009), which are
consistent with the explanation and observations mentioned above. However, under the
heavy storm events, large precipitation increases the water table and the washing out
effects of the stems can be easily formed on the bank surface besides the river. The
portion of the water passing through the upper soil layers increases, from which the high
aromatic compounds are likely to be transported into stream channel and increase SUVA.
It is speculated that under small or the moderate storm events, the soil has capacity to
absorb the extra water within a certain extent or the dynamics of the removal of aromatic
compounds within the surface and upper organic layer of soil are slow. The variation of
SUVA was not as apparent as that under heavy precipitation conditions although there is
still increase of SUVA.

DOC Fractionation
Similar with the results in other studies (David et al., 1999; David and Vance, 1991; Imai
et al., 2001), the major composition of the DOC in rivers are usually hydrophobic acids,
equally called humic and fluvic acids, and the hydrophilic acids, comprising with from 65
to 90% of the total DOC. For this study, the hydrophobic acids (humic and fluvic acids)
are the main fraction of the total DOC, ranged from 45% to 70% under the peak flow
conditions, then the next is the hydrophilic acids within 20-35%, which didn‘t seem to be
influenced by the flow rate and storm types. However, for the hydrophobic parts (AHS),
it showed the increase trend during peak flow periods within small, moderate and heavy
storm events.
Unlike other results of previous studies that the base flow river‘s ratio was around 1 close
to that of the B horizon soil solution rather than the forest floor (David et al., 1999), the
results of the AHS/ HiA for the peak flow samples under three storm conditions are all
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above 1. It infers that the DOC resources at peak flow are different from the seepage
leaching from the deep soil horizons at base flow. Some other sources, such as fallen
leaves into the stream may release hydrophobic acids (AHS) (Hongve, 1999; Uselman et
al., 2007) and increase the ratio of AHS/ HiA. Moreover, the increase trend of the ratio of
the peak flow conditions from small to heavy rainfall types suggest the little contact of
DOC with mineral soils and that the fraction of the water passing through upper soil
horizon, surface of the forest canopy or grass land was increasing under heavy storm
events. By contrast, the relatively low ratios of AHS/HiA for small storm events suggest
the adsorption and leaching of DOC controlled by the surrounding catchments. These
explanations are consistent with the trends of SUVA254nm observed under different
rainfall events that the SUVA shows more variation or increase during heavy storms than
that in small and moderate storms. Comparing with the AHS part of DOC, the
hydrophilic acids parts (HiA) didn‘t indicate obvious trends during the three types of
storms and its percentage remained constant nearly, which indicates that the water
leaching from the deep horizon such as, ―B‖ are kept relatively constant. For other
fractions, BaS, HoN and HiN, there are no regulated trends (p>0.05) observed by
ANOVA test and the percentages for them are small in stream water.

Conclusions
1. A strong positive correlation between DOC flux and storm flow in Beaver Creek was
observed during high storm flows. Such correlations were less significant during small
and medium storm flow conditions. 2. The increase in DOC flux during heavy flows
could be attributed to the greater inputs of allochthonous organic carbon from land
facilitated by the formation of preferential flow path of precipitation through the upper
soil horizon during intense storm events, which reduced the potential of organic sorption
to soil at deep layers. 3. Greater changes in SUVA observed during high flows than
medium and low flows were consistent with the indication that an important source of
DOC input during high flows was allochthonous organic carbon of terrestrial origin,
which typically contains more aromatic substances and subsequently higher SUVA
readings. 4. The importance of terrestrial organic transport to stream water during high
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flows is also corroborated by the presence of high AHS fractions in DOC collected at
high flow conditions, which is characteristic of humic substances derived from terrestrial
organic materials.
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Chapter 5: Intra-storm nitrogen and phosphorous export
Abstract
The nutrient releasing influenced by four spring storm events, from middle March to
early May, 2009, had been evaluated in Beaver Creek watershed, Knoxville, Tennessee
with about 56.1mi2 catchment area. During each of the storm events, the parameters, total
nitrogen (TN), nitrate (NO3-), base cations (Ca2+ and Mg2+) and soluble reactive
phosphorous (SRP) were monitored continually at 3-4 hours interval near Powell, at a
USGS gage (03535200). The results of the patterns of the nutrients indicated different
flow paths controlling their export. The declining trends of the concentrations of nitrate
and cations (Ca2+ and Mg2+) during storms and their highly correlated linear relationships
with the flow rate (r=-0.7, p<0.05*for nitrate; r=-0.9, p<0.05* for Ca2+ and Mg2+,
respectively) indicated they followed the similar flow path and they were diluted by the
storm water on the nitrate and cations coming from groundwater mainly especially when
the ratio of the input water from groundwater or the deep soli layer to the rainfall
decreased at peak flow conditions. The high order increase of SRP concentrations during
storm flow, approximately 4-20 times of that under base flow and the sharp decrease
during the declining limbs demonstrated that the flushing effects of overland flow can
mobilize the P resources in surface or sub-surface layers near the stream. However, the
patterns of the SRP for these four events didn‘t perform constant. The peak concentration
occurred on the rising, falling limb of the hydrograph or the peak flow period, which may
involve in various transport processes from P sources to stream water courses.
Key words: Nitrate, Phosphorous-SRP, Beaver Creek, Calcium, Magnesium
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Introduction
The fluxes and transformations of nitrogen in aquatic ecosystems have long interested
ecologists, particularly because of the critical role of nitrogen as the possible limiting
nutrient for biological production and because human activities have extensively altered
the nitrogen cycle (Cirmo and McDonnell, 1997). Usually, nitrogen in surface water has
been linked to NO3--N transported by drainage. Nitrate is mobile and can be lost from the
soil profile leaching (Randall et al., 2001). So, the evaluation of hydrologically induced
mobilization of nitrogen from watersheds has received considerable attention in recent
hydrological and biogeochemical studies (Rusjan et al., 2008; Withers and Jarvie, 2008).
The understanding of how hydrological conditions trigger flushing of labile nitrogen on a
watershed scale is still rather poor, especially under the storm events.

Phosphorus is also an essential nutrient for the metabolism of all living organisms and
frequently limits the productivity of aquatic environments in terms of phytoplankton and
macrophyte biomass. In freshwater aquatic environments, phosphorus enrichment can
accelerate macrophyte and algal growth leading to eutrophication, unpleasant aesthetic
conditions, disruption of the normal aquatic community composition, oxygen depletion as
plants die and decay, and fish kills as oxygen is depleted. In natural waters, phosphorus
occurs in the form of organic phosphorus, particulate inorganic phosphates, and dissolved
organic and inorganic phosphates. In this study, the soluble reactive phosphor (SRP) was
chosen to focus on. Sources of phosphorus can originate from both point and nonpoint
sources. Point sources usually discharge directly to surface waters from sources such as
industrial and municipal wastewater facilities. Nonpoint sources, such as animal manure
and chemical fertilizers, reach surface waters through runoff and may represent a
potentially large phosphorus input.

Due to rapid urbanization and subsequent influences of the intense human activities on
the accelerated alteration of the landscape of Beaver Creek watershed, Knoxville,
Tennessee, the contribution of landscape to nutrient enrichment (nitrogen and
phosphorous mainly) in rivers should be widely investigated. In order to prevent the
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eutrophication and improve the drinking water supply, it is necessary to determine the
nutrient (nitrate and phosphorous mainly) export patterns in stream water and evaluate
the impacts of the storms on their transformations with the variation of the flow paths.
The Beaver Creek watershed (56.1 mil2), located in the north of Knox County, Tennessee
was chosen as a research site to monitor the nutrients releasing patterns of the stream
water during four typical spring storm events from March to early May, 2009. Also, the
basic cations, calcium (Ca) and magnesium (Mg) were measured to aid the analysis of the
sources of the nutrients.

The objectives for this study are: (1) Evaluate the storm impacts on the nutrient recycling;
and (2) Apply the base cations (Ca2+ and Mg2+) in stream under storm conditions as the
indicators to predict the flow paths of the nutrient (nitrate and phosphorous) transports.

Methods and Materials
Sampling and Chemical Analysis
During this study, water samples during four spring storm events (from March to May,
2009) were collected from the site, Powell (USGS 03535200) (36o1‘ 6‘‘N; 84o3‘6‘‘W)
the same place as indentified in Chapter 1 (Figure. 4-1). An auto-sampler, ISCO (3700)
was also applied to collect the stream water samples, just following the same procedures
described in Chapter 3.

Based on the similar procedures of sample measurement in Chapter 3, the UV254nm of
each sample was measured after filtration through glass fiber filters (0.7um, Waterman
GF/F, baked at 450oC for 4 hours before use). The total nitrogen (TN) concentrations of
water samples were decided by a total nitrogen measurement unit (TNM-1, Shimadzu).
The concentration of Nitrate (NO3-) and soluble reactive phosphorus (P-SRP) of the water
samples were decided by the UV spectroscopy (Standard Methods 4500 B) (Karlsson et
al., 1995) and molybdate-antimony blue method (Murphy and Riley, 1962), respectively.
The basic cations, Ca2+ and Mg2+ were measured by ICP-AES instrument (Intrepid II
XSP, Thermo). In order to avoid the over range of the standard curves due to the high
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concentrations, the original samples were diluted by DI water by the ratio 1:10 first. The
calibration, detection control were applied for each sample‘s measurement.

Results
Intra-storm Characteristics
There were total 4 storms from March to May sampled for this study (Figure. 5-1). As
summarized in Table. 5-1, the amount and intensity of the precipitation ranged from 2 to
3 (inch) and 0.5-0.6 (mm/hr), except the third storm event. The increase in the flow rate
was obvious for all of the storm events, by 3-5 times from base to peak flow (Table. 5-1).
The high 7-day antecedent precipitation for third and last storm events, indicates the high
potential of the overland flow forming due to high soil moisture content (Goswami et al.,
2009).
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400
200

0.0

Flow rate, Q(cfs)
Precipitstion (inch)
I

II

0.6
I
V

II
I

1.2

Precipitation(inch)

Flow rate, Q(cfs)

800

0
1.8
3/1/09 3/16/09 3/31/09 4/15/09 4/30/09 5/15/09 5/30/09

Date
Figure. 5-1. Beaver Creek discharge and rainfall measured by USGS at Powell, Knoxville, Tennessee from
March to May, 2009. The Roman numbers stand for the storm events.
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Table 5-1. Storm characteristics from March to May, 2009.
Date

Precipitation

b
c

Peak flow
(cfs)

7-day antecedent
precipitation (inch)

42

289

0.53

1

Mar, 14-18, 2009

(inch)
2.02

2

Mar, 25-31, 2009

1.75

2.13

56

324

0

3

April, 14-18, 2009

0.86

7.83

72

211

0.92

4

May, 02-08, 2009

3.48

2.20

44

256

0.78

Storm#

a

Base flow a
(cfs)

Average
Intensity×10-2 c
(inch/hr)
2.17

b

The Base flow was defined as the hydrographical periods before the discharge increase and precipitation.
The total amount of precipitation just represents the point value measured by USGS gauge at Powell, Beaver Creek.
The average storm intensity was calculated by dividing the total amount of precipitation by the duration of the rainfall.

Table 5-2. Intra-storm variations in the concentrations of nutrients and basic cation (mean±SD).

Storm#

1

2

3

4

Flow
parts

TN
(mg/L)

NO3(ug/L)

P-SRP
(ug/L)

TN flux
(kgyr-1ha-1)

Base

1.2±0.1

930±76*

16±7

3.3±0.4

Ca2+
(mg/L)

Mg2+
(mg/L)

0.1±0.1

SRP flux
(kgyr-1ha-1)

-

-

27±3

22.6±0.5

*

0.5±0.1

*

-

-

20±7

14.3±6.5

0.3±0.2

-

-

8±4

3.7±0.3

0.2±0.1

-

-

Peak

1.3±0.1

598±79

Average

1.3±0.1

839±150

Base

1.0±0.1

1007±37

*

Peak

1.1±0.1

600±161

149±55*

16.2±6.9*

2.7±0.9*

-

Average

1.1±0.1

887±145

34±58

9.6±5.3

0.4±0.5

-

Base

1.1±0.1

980±87

*

Peak

1.1±0.1

Average

*

16.5±0.4*

24±3

4.9±0.1

0.1

53.7±1.0

747±63

74±52*

14.3±1.1*

0.9±0.7*

43.0±2.3

11.5±0.5

1.1±0.1

834±197

47±33

8.9±3.3

0.5±0.5

48.3±3.8

13.5±2.0

*

*

55±63

3.9±1.3

0.2±0.2

48.3±1.9

*

15.2±0.5*

Base

1.4±0.5

990±21

Peak

1.1±0.5

573±237

68±38*

17.4±8.6*

1.0±0.8*

33.4±1.7

8.4±0.1

Average

1.1±0.2

799±126

38±32

9.0±4.6

0.3±0.4

39.8±4.01

10.9±2.0

―*‖ means the differences of the parameters between the base and peak flow are statistically different, p<0.05.
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Table 5-3. Linear relationships between nutrient flux and stream flow rate for individual rainfall
event.
Storm#1
Items
TN(mg/L)
-

r
0.59

Storm#2
p

0.0022

r
*
**

0.49

Storm#3
p

0.0057

*

Storm#4

r

p

r

p

-0.24

0.2892

-0.08

0.6759

-0.85

<0.0001

**

-0.73

0.0002

*

-0.68

<0.0001**

NO3 (ug/L)

-0.80

<0.0001

P-SRP(ug/L)

0.73

0.0002*

0.69

<0.0001**

0.77

<0.0001**

0.17

0.3792

Ca2+(mg/L)

-

-

-

-

-0.95

<0.0001**

-0.85

<0.0001**

Mg2+(mg/L)

-

-

-

-

-0.90

<0.0001**

-0.88

<0.0001**

TN flux (kgyr-1ha-1)

0.99

<0.0001**

0.98

<0.0001**

0.98

<0.0001**

0.78

<0.0001**

SRP flux (kgyr-1ha-1)

0.68

<0.0001**

0.58

<0.0001**

0.69

<0.0001**

0.38

0.0004*

*means significant level at p<0.05.
** means significant level at p<0.0001.
―-― means the negative relationship between the two variables.

Nitrogen and Phosphorous Concentration Variation
To mention the two important nutrients, nitrogen (TN and nitrate in this study) and
phosphorous (in form of P-SRP) released from the watershed into the stream during
storms, they showed different or even opposite trends. From this study, the nitrate
concentration decreased by nearly 30% or even 50% during peak flow comparing with its
level in base flow, which is supported by the similar observations from the previous
studies about the storm impacts on the release of nutrient (Inamdar et al., 2004; Inamdar
et al., 2006) although there are still some opposite conclusions that the nitrate
concentration increased with the discharge during storm events (Buffam et al., 2001;
Rusjan et al., 2008). The patterns of the nitrate variation during all of the storm events
(Figure. 5, 2-5) demonstrated this without exception, which is consistent the results of
the linear relationship between nitrate and flow rate (Table. 5-3) (with relatively high
correlation, r is around -0.8, p<0.05). All of the results indicate the proportional decrease
of nitrate concentration with discharge. Oppositely, the concentration of phosphorous,
represented as P-SRP showed the increase trend when the stream discharge increased due
to the precipitation although the linear correlations between P-SRP concentration and
discharge during these four storm events are not strong, especially for the last storm

49

events (r=0.17). However, the patterns of P-SRP during the four spring rainfall events
(Figures. 5, 2-5) indicate that the phosphorous concentration fluctuated during the storm
periods, especially during the peak flow session, the concentration usually increased
sharply for 4-8 hours by 2-10 times of that during base flow and then decreased also very
quickly to the base flow level in few hours before the flow rate went back to the base
flow during recession limb. The time when the maximum phosphorous concentration
appeared during the rainfall events is not constant and stable, few hours after peak flow
for Strom#1 and #2, right at peak flow for Strom#3, several hours before the peak flow
for Strom#4. However, they all commonly showed sharp increase around the peak flow c
and decreased very fast. By the contrast, the total nitrogen, TN were not like the
variations of nitrate and phosphorous, P-SRP during storm events. It didn‘t indicate any
apparent variation during the four storm events and remained constant in the range of 1.21.4 ppm, whether in the peak or the base flow periods, which is also consistent with the
liner regression results between TN and flow rate that the linear correlations are weak and
not significant for most of the cases (p>0.05).

Nitrogen and Phosphorous Flux
Because the total nitrogen (TN) concentration during the time course of these storms
didn‘t show any apparent trends and kept stable (Figure. 5, 2-5), the nitrogen flux
seemed to be decided by the flow rate and the very strong positive correlations between
the TN flux and discharge also proved this. For the phosphorous export during storms,
the similar trends between the P flux and flow rate were observed, although the
correlations were not as strong as the TN‘s. However, comparisons of the N or P flux
between base and peak flow (Table. 5-2) indicate that despite the trends of the variations
of N and P during storms, the export of these two nutrients will be increased remarkably
by the rainfall.
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Calcium and Magnesium
Besides the nutrients, the dynamics of base cations, calcium and magnesium were also
monitored. The mean concentrations Ca2+ and Mg2+ during the last two storm events
remained relatively constant without remarkable variations, 40-45 ppm for Ca2+ and 1012 ppm for Mg2+ respectively (Table. 5-3). However, for each storm, they both showed
the decreasing trend from base flow to peak flow (Figure. 5, 2-5). The significant
differences of the concentration of the cations between base flow and peak flow also are
consistent with the trends (Figure. 5, 2-5). Moreover, the linear relationships of the
concentrations of calcium and magnesium with discharge rate show very well (r>0.9) and
with high significant level (p<0.0001**). The scenarios for both of these base cations
showed the similarities with those of nitrate. The concentrations decreased with the
increase of the discharge rate and reached the minimum at the peak flow parts. Then they
went back to a ―base flow‖ level after the recession periods of the stream.
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Figure. 5-2. The dynamics of nitrate (a), total nitrogen (TN) (b) and SRP (c) as a function of flow rate, Q
during the first storm event in Beaver Creek, Powell (Mar, 14-18, 2009).
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Figure. 5-3. The dynamics of nitrate (a), TN (b) and SRP(c) as a function of flow rate, Q during the
second events in Beaver Creek, Powell (Mar, 25-31, 2009).
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Figure. 5-4. The dynamics of the nitrate (a), TN(b), SRP (c), Ca (d) and Mg (e) with the flow rate during
the third storm events in Beaver Creek, Powell (April, 10-14, 2009).
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Figure. 5-5. The dynamics of the nitrate (a), TN(b), SRP (c), Ca (d) and Mg (e) with flow rate during the
fourth storm events in Beaver Creek, Powell (May, 03-08, 2009).
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Discussion
Nitrate (NO3-) and Total Nitrogen (TN)
The temporal patterns of the nitrate concentration are mostly opposite to the patterns of
SRP during the four storm events. In general, nitrate concentration decreased with the
increase of the discharge and then went back to the initial concentration level under base
flow conditions. In contrast, the SRP has opposite trends. The relatively strong and
negatively correlated linear relationship between the nitrate concentration and discharge
rate also demonstrates this, which is similar with the observations in the studies by
Owens et al., (1991) and Salvia-Castellví et al., (2005) that high base flow concentrations
of NO3- from groundwater were diluted by storm flow. However, several studies on the
nutrient release into catchments, claimed that the peak of nitrate concentration on the
rising limb of the hydrograph was mainly due to the rapid displacement of surface soil
water containing highly concentrated nitrate which would subsequently fall rapidly
during the peak flow periods (Inamdar et al., 2004). While, the study by Rusjan et al.,
(2008) indicated the delay peak nitrate concentration with hydrograph and the highly
correlated linear relationship between discharge and nitrate concentration (R2=0.81). He
contributed these phenomena to the accumulated nitration pool enriched in the soil layers
and the limited flushing ability during hydrological events. However, the patterns of the
nitrate concentration in this study seemed to differ. The decrease of the nitrate
concentration with discharge increase can be attributed to the dilution effects of the
precipitation. Coincidently, the base cations of the natural water, calcium (Ca2+) and
magnesium (Mg2+) also have the parallel patterns that the concentrations of these cations
decreased with the discharge increase, supported by the highly correlated and negative
linear relationships between cation concentrations and discharge (Table. 5-3). Based on
some studies‘ results that the concentration of nitrate in ground/till water was much
higher than that in surface soil layer (Inamdar et al., 2004) and the concentrations of the
dominant base cations (Mg2+ and Ca2+) displayed a progressive increase in concentrations
with soil depth, with maximum values recorded for ground/till water (Kendall et al.,
1999; McGlynn et al., 1999), the parallel patterns of the nitrate and basic cations
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concentrations varied during hydrological events indicated the sources of either nitrate or
the cations are mainly contributed from the groundwater (McHale et al., 2002). Under
base flow conditions, the stream water is basically from the input of groundwater, while
during the peak flow, the overland or near surface flow accumulated by precipitation is
the main source. So, with the decrease of the ratio of the water input from groundwater
during peak flow hydrograph, the concentration of nitrate and cations during base flow
will be diluted.

On the other hand, however, the total nitrogen (TN) concentration remained almost
constant during the whole storm events (for all of the four spring storms although there
are relatively small increase of TN at peak flow conditions for the last storm event shown
in Figure. 5-5), which indicated that there are some nitrogen source input into the stream
by other nitrogen forms to keep the TN constant, although the nitrate concentration
decreased. Moreover, the flow path of these forms of nitrogen into streams should be
opposite with that for nitrate. In the studies of the coastal plain rivers, California,
dissolved organic nitrogen (DON) was moderately positively correlated with flow rate
(Smith et al., 1996). Similarly, in the Paine Run site, Virginia study (Buffam et al., 2001),
it showed a significant increase in DON during storms in conjunction with DOC. So, it is
possible that DON is another type of nitrogen input following the land surface positively
with discharge.
Phosphorous (SRP)
Consistent with the observations from pervious studies that the concentration of the
phosphorous in stream water during storm events became variable spatially and
temporally due to the mobilization and transport of combined P sources within fields,
farms and catchments (Withers and Jarvie, 2008), the relatively highly correlated linear
relationships between discharge and SRP concentrations, except the last event under
multiple peak flow conditions, demonstrated that the flushing effects did influence the
phosphorous releasing into the stream from land or field besides the stream. As the
rainwater accumulated, it mobilizes and transports the P in soil along the surface or subsurface to water courses. From the patterns of the P variations during the four storm
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events, the peak P concentration occurred variously, during the first and second storm
events, there are delay peak patterns with the discharge; while during the third and last
rainfall events, the peak P concentrations basically appeared right at the peak flows and
the P variation during the third storm event is almost symetric with the hydrograph.
Similar with the results found by Correll et al., (1999) in their study about the
phosphorous export from Rhode River during storms that there was usually 7-10 times of
increase from base to peak flow, the variations of concentration of P during all of the
storm events in this study are also very large, 4-20 times of increase at peak value
comparing with that under base flow conditions. It means the P sources mobilized by the
storm water highly exceed that for base flow and are important P sources during the
storms. One theory concluded that most of the P inputs delivered to streams under very
high flows was flushed without entering the stream biogeochemical pathways, which is
the main P in-stream recycling under base flow conditions and the high flow velocity can
promote particle entrainment and transport and reduce water residence time for uptake of
P by bed sediments and biota (Withers and Jarvie, 2008). Based on this theory, the sharp
increase of the P concentration during storm events can be explained as the flushing of
the P sources by the steam flow under storm conditions. Furthermore, the fast decrease of
P concentration from the peak value to base flow level during the recession limb of the
hydrograph during the four storm events confirms the flushing effects hypothesized. So,
from this point, the pathway for P export during storms can be considered that the over
flows, formed by rain water, passing through the overland or the sub-surface of the nearstream layers control the mobilization and transport of the P resources into stream
channels.

However, by several previous studies, the nutrients, nitrogen or phosphorous affixed on
the particles suspended by increasing flow from the sediment during storms can also
contribute to their sharp increase. So, the besides the flushing effects by the runoff from
landscape, the sediment may also become the nutrient reservoir. In the future study, in
order to gain the direct evidence, the potential nutrient content in sediment and their
transport kinetics during the high flow conditions should be investigated.
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Conclusions
From the variations of the nutrients (total nitrogen, nitrate and SRP) during four spring
storm events in Beaver Creek watershed, Tennessee, the results indicated different flow
paths controlling their releases into stream water course. The nitrate concentration
showed strong negative correlations with discharge. The similar parallel patterns of the
base cations (Ca and Mg) suggested that the main sources of nitrate and cations were
from the ground water, which is also the main resource for base flow. The rainwater
flowed into the stream course from the surface or subsurface layers containing less nitrate
and cations and had dilution effects on controlling the nitrate concentration during the
rising lime of discharge. Different from the patterns of the nitrate in stream during storm
events, phosphorous-SRP had the opposite patterns. Although, the patterns of the
variation of SRP were not synchronous with the hydrograph, the flushing effects on the P
export by rainwater were apparent. Additionally, the sharp decrease of SRP concentration
after the peak concentration on the declining limb of hydrograph further demonstrated
that phosphorous sources may be mainly from the surface of the soil layers near stream
and mobilized by the flushing effects of the rainwater.
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Chapter 6: Dynamics of Pathogen Indicator Export in Storm Events
Abstract
The intra-storm export of E. coli from Beaver Creek watershed was investigated during 6
summer storm events (from May to August, 2009) in northeast Knox County, Tennessee.
The significant correlation between E. coli export and flow rate or DOC during early
periods of storm events indicates that landscape runoff could be an important source
contributing to the sharp increase in E. coli export during storms (20~100 fold). The
strong correlations (R2=0.5-0.8, p<0.05*) between E. coli and TSS throughout all storms
demonstrate that the transport of E. coli into the stream during storms is particle related,
and it may come from sediment re-suspension. On the other hand, the intra-storm E. coli
partitioning patterns revealed that suspended E. coli levels rose significantly during the
recession limbs by 5% to 20% averagely (p=0.011*). Although pathogens such as E. coli
might be present as freely suspended populations, those attached to particulate matter are
still the main form as the storms progressed.

Keywords: E. coli, partitioning, TSS, DOC, re-suspension, sediment, landscape
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Introduction
Increased public concern over access to clean water has led to improved water source
protection and management. Both rural and urban watersheds present unique challenges
in that they serve as water sources for a variety of activities (e.g. drinking water for
humans and livestock, irrigation and recreation) and possibly contain both point and nonpoint sources of microbial pollution (e.g. livestock operations, household septic systems,
wildlife and water course sediments). Utilities that use surface water for drinking water
supply are threatened by contamination from large numbers of coliform bacteria
(USEPA, 1986). E. coli naturally found in humans and other warm-blooded animals are a
subgroup of the coliforms and the indicator of the presence of the enteric pathogens or
fecal contamination (Sinclair et al., 2009). Waterborne disease outbreaks caused by
pathogen represented by E. coli are serious and can have catastrophic consequences or
public health threat for a community and its water provider (Jones and Roworth, 1996).
So, the US Environmental Protection Agency recommends that E. coli not exceed 126
colony forming units (CFU)/100 ml from five surface water samples over a 30-day
period, or 235 CFU/100 ml from a single surface water sample (USEPA, 2002).
The Beaver Creek watershed is a rapidly urbanizing watershed with approximately
75,000 residents and 86 mi2 catchment area approximately. It has served as a vital natural
resource for many generations. In the last 15 years, however, the watershed has been in
significant increasing rate of development. Recently, 90% of Beaver Creek and its major
tributaries are on the State of Tennessee‘s 303(d) list of impaired streams. One of the
important contaminants is excessive input of microbial pathogens or E coli. In order to
better understand the dynamics of the E. coli transport in stream channel for the
development of more effective water quality management strategies, the dynamics of E.
coli export from Beaver Creek watershed is investigated. Although microbial transport
from non-point sources during storm events has been proven to be much more substantial
in scale as compared to base flow periods (Curriero et al., 2001; Rose. et al., 2001), there
are no consistent mechanisms applicable to predict the sources and the path ways of the
microbes during storms. In order to better understand the pathogen transport and set up an
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efficient protection system, it is critical to monitor the E. coli export during storm events
in this study. Previous studies on the origins of E. coli exported during storms predicted
two potential resources: the landscape runoff flushing (Schilling et al., 2009) and the resuspension of the sediment (McDonald et al., 1982; Nagels et al., 2002; Sherer et al.,
1988), the sources of E. coli under rainfall conditions remain less clear. Therefore, it is
important to determine the sources and transpors of water-borne pathogens in storm
events using E. coli as a model in order to develop strategies for the control of the
contamination of water-borne pathogens.

The objectives of this study don‘t only monitor storm impacts on the microbial export in
a mixed land use watershed but also predict the sources of E. coli exported into stream
channel through the relationships between the TSS concentration, flow rate and DOC
concentration in the whole storm period. On the hand, it is necessary to figure out the
variations of the microbial partitioning (free phase or particle related) of the stream
surface water during whole storm courses.

Materials and methods
Sampling
The discrete water samples during the storm events (from May to August, 2009) were
collected by an ISCO automatic sampler (Model 3700) from Powell (36o1‘ 6‘‘N;
84o3‘6‘‘W), the same place where the storm samples were collected previously (Figure.
4-1). Follow the procedures of taking samples mentioned in Chapter 3.
Microbiological Analysis
All of the storm water samples were processed for the E. coli enumeration by membrane
filtration method within 24hr of collection. Following the procedures described in
Chapter 3, total E. coli counts of the water samples were determined as colony-forming
unites (CFU) per 100ml. Following the flow chart of the microbial analysis (Appendix
C, Figure C-4), a subsample was applied for the microbial partition experiment by solid–
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liquid separation in the raw water samples through centrifuge. After the centrifuge based
on the detail information provided in Chapter 3, the supernatant for each of the water
samples was removed for the analysis of the E. coli enumeration. Subsequently, the E.
coli counts associated with settable particles were determined by the difference between
the CFU values of raw water and those of the supernatant samples.
Chemical Analysis
All of the samples were analyzed for total suspended solids (TSS) according to the
APHA standard method 2540 D (APHA, 2005). The water samples were filtered by glass
fiber filter (0.7um, Waterman GF-F, baked at 450oC for 4 hours before use). The DOC,
total nitrogen (TN), nitrate (NO3-) and soluble reactive phosphorus (P-SRP)
concentrations of all water samples were determined by following the procedures
described in the Chapter 3.
Hydrological Subdividing
Individual hydrological periods were determined as described in Chapter 3. For further
analysis, the hydrological graph of each storm event was divided into two main periods:
the rising limb (from base flow to the peak flow), and the recession flow (after the peak
until the end of the storm flow) (Appendix C, Figure. C-3).
Data Analysis
The linear correlations/regressions between the stream water E. coli counts and various
flow parameters, including flow rate, DOC concentration, TSS and nitrogen in each of
the storm events were conducted in three temporal periods of storms: the rising limb,
recession limb, and the total period in order to determine the dominant factors controlling
the export of E. coli under different hydrological conditions. Additionally, in order to
estimate the impacts of the pre-event hydrological state of the watershed, the 7-day
antecedent precipitation was also considered in statistical analysis (Wagner et al., 2008).
In order to compare the relative importance of suspended vs attached E. coli populations
under different hydrological conditions, ANOVA test was performed and Each Pair
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Student‘s method was used to decide the significant differences between the three
hydrological categories. A significance level of p<0.05 was applied for all statistical
analyses. The statistical analyses were performed using JMP 7.0 Statistical Software
(SASS Institute Inc).

Results
Hydrological Characteristics
During the summer season, from late May to August, 2009, six storm events in total were
chosen for the monitoring of E. coli dynamics in Beaver Creek (Figure. 6-1). The
characteristics of these storm events were summarized in Table. 6-1. As shown,
precipitation during this time period was relatively uniform and occurred with relatively
high frequency. Additionally, some of the storm events with high intensities (such as
Storm #1 and 3 and 5) introduced remarkable increases in stream flow.

Water Quality
The chemical and biological water quality parameters, DOC (mg/L), total nitrogen (TN)
(mg/L), nitrate (NO3-) (mg/L), total suspended solid (TSS) (mg/L) and E. coli
(cfu/100mL) in different hydrological sessions were summarized in Table. 6-2. The DOC
concentration of the Beaver Creek under rainfall conditions basically ranged from 1 to 3
mg/L. In contrast, TN did not show considerable variations with the concentration
constant at approximately 1 mg/L during most storm events, which indicates that TN
concentration in Beaver Creek was not largely influenced by precipitation. TSS ranged
from 40 to 300 mg/L with large standard deviations. Similar to the patterns of TSS, the E.
coli levels in stream water also varied considerably during storms, with 10-20 fold
increases from base flow to peak flow. Although for most of the base flow conditions, the
E. coli levels were below the USEPA standard of 235 cfu/100mL, the E. coli counts
during storm flow in Beaver Creek were 5-15 times higher than the EPA standard. Given
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that hydrological factors dominated E. coli export, the impact of hydrological conditions
on E. coli export and the underlying mechanisms were further investigated.
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Figure. 6-1. Beaver Creek discharge and rainfall measured by USGS at Powell, Knoxville, Tennessee from
May to August, 2009. The Roman numbers stand for the storm events.

Table 6-1. Characteristics of five storms from May to August, 2009.
b

Storm#

Time period

Average
c
Intensity×10-2
(inch/hr)

1

May-25-29, 2009

2.15

30.41

2

June-04-07, 2009

0.95

3

June-28-30, 2009

4

a

Peak flow
(cfs)

7-day antecedent
precipitation (inch)

41

242

0.06

3.02

34

134

0.15

0.24

7.01

56

101

1.46

July-04-07, 2009

0.31

0.29

32

53

0.34

5

July-16-18, 2009

1.93

8.36

73

391

1.8

6

August-18-22, 2009

2.24

1.32

34

268

1.91

Total Precipitation
(inch)

a

Base flow
(cfs)

The Base flow was defined as the hydrographical periods before the discharge increase and precipitation.
The total amount of precipitation just represents the point value measured by USGS gauge at Powell, Beaver Creek.
c
The average storm intensity was calculated by dividing the total amount of precipitation by the duration of rainfall.
b
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Table 6-2. Concentrations of nutrients and E. coli in stream water during six storm events from May
to August, 2009.
Storm#

a

Hydrological
parts

DOC (mg/L)

b

TN (mg/L)

b

NO3—N (mg/L)

b

TSS (mg/L)

b

E. coli (cfu/100mL)

1 (21)

b

Base
1.4 ± 0.1
1.1 ± 0.1
1.0 ± 0.1
81 ± 13
491 ± 282
*
*
Peak
1.1
±
0.1
0.8
±
0.3
201
±
150
2.5 ± 0.4
1103 ± 357
Overall
1.9 ± 0.5
1.1 ± 0.1
1.0 ± 0.3
102± 81
791 ± 672
2 (18)
Base
1.6 ± 0.2
1.1 ± 0.1
1.0 ± 0.1
37 ± 4
188 ± 16
*
*
Peak
2.2 ± 0.5
1.0 ± 0.1
0.8 ± 0.2
178 ± 29
1369 ± 429
Overall
1.9 ± 0.4
1.0 ± 0.1
0.9 ± 0.2
44 ± 57
834 ± 455
3 (13)
Base
1.4 ± 0.1
1.1 ±0.1
1.0 ± 0.4
71 ± 2
133 ± 38
*
*
Peak
1.6 ± 0.2
1.1 ± 0.1
1.0 ± 0.2
251 ± 81
1283 ± 245
Overall
1.8 ± 0.5
1.1 ± 0.2
1.0 ± 0.1
119 ± 83
742 ± 462
4 (16)
Base
1.0 ± 0.1
1.2 ± 0.1
1.0 ± 0.4
90 ± 32
221 ± 86
*
*
*
Peak
1.1 ± 0.1
1.0 ± 0.1
1.3 ± 0.2
266 ± 117
1333 ± 1306
Overall
1.2 ± 0.2
1.2 ± 0.1
1.0 ± 0.1
141 ± 87
611 ± 657
*
*
5 (15)
Base
1.7 ± 0.3
49 ± 38
820 ± 190
1.1 ± 0.1
0.9 ± 0.1
*
*
*
Peak
0.9
±
0.1
0.3
±
0.1
3.3 ± 0.7
179 ± 100
4167 ± 2618
Overall
2.6 ± 0.8
1.0 ± 0.1
0.6 ± 0.2
85 ± 77
1800 ± 1920
*
*
6 (20)
Base
1.5 ± 0.1
83 ± 22
171 ± 94
1.0 ± 0.1
0.9 ± 0.1
*
*
*
Peak
0.9
±
0.1
0.6
±
0.2
3.1 ± 0.2
197 ± 32
2911 ± 682
Overall
2.3 ± 0.8
0.9 ± 0.1
0.7 ± 0.2
139 ± 79
1670 ± 1104
a
The numbers in brackets are the number of the samples.
b
means value ± standard deviation.
―*‖ means the differences of the parameters between the base and peak flow are statistically different, p<0.05. The
values with ―*‖ are the larger.

The Intra-storm Patterns of E. coli counts vs Flow rate, TSS and DOC
The increase in E. coli counts with flow rate indicates that higher stream flow could result
in the export of E. coli from its sources (Figure. 6-2). However, the temporal patterns of
E. coli did not follow that of the flow rate as the E. coli counts could peak at different
stages of a storm event: at (Storm#1), before (Strom#5) or after (Storm#2 and 4) the peak
flow. In contrast, the patterns of the E. coli counts were more similar with that of TSS
(Figure. 6-3). For most of the situations, the peak concentration of E. coli were always
reached at the peak concentration of TSS, indicating that E. coli export in the stream
channel during rainfall events was strongly related to particle transport.

66

To further determine the sources of E. coli transport during storm events, the dynamics of
E. coli was compared to that of DOC, which has been previously shown to be primarily
related to overland runoff (Figure. 6-3). The simultaneous increases in E. coli counts and
DOC levels were evident particularly during the rising limbs of the hydrograph,
suggesting a potentially common transport mechanism. Given the apparent differences in
E. coli transport patterns between rising and recession limbs, further analysis were
conducted to determine the impact of storm stages on E. coli export.

E. coli Export: Rising vs Recession Limbs
According to the correlations between E. coli counts and other parameters, such as, DOC,
TN and TSS during the rising and recession limbs of the hydrographs, it is obvious that
E. coli counts were correlated better with flow rate during the rising limb period than
during the recession limbs (Figure. 6-2(a)), which is similar with the good correlations
found between DOC and E. coli levels during the rising limb. Generally, the relationship
between E. coli and TSS is also strongly correlated especially for falling limb periods. It
indicates that E. coli export into the river channel was mainly particle-related during the
storm events. For the correlation between E. coli and TN or nitrate, the poor correlation
levels (p>0.05) and the negative relationships for most of the storms (data not shown)
predicted that the nitrogen and E. coli exports from the watershed during storms likely
followed different transport mechanisms.
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Figure. 6-2. The temporal variability of the Beaver Creek discharge and E. coli concentration during six
storm events (a) to (f) respectively in 2009.
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Figure. 6-3. The temporal variability of the total suspended solid (TSS) and E. coli concentration in Beaver
Creek during six storm events from (a) to (f) respectively in 2009.
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Figure. 6-4. The temporal variability of the dissolved organic carbon (DOC) concentration and E. coli in
Beaver Creek during six storm events from (a) to (f) respectively in 2009.
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Table 6-3. Correlations between E. coli and flow rate, TSS and DOC respectively under different
hydrological conditions: rising limb, recession limb and total hydrograph. (a) The correlation
between E. coli and flow rate. (b) The correlation between E. coli and TSS. (c) The correlation
between E. coli and DOC.
(a)
Rising Limb
Storm#
1

2

R

Recession Limb
2

p

-

R

-

0.464

Total
2

p

R

p

0.0019

*

-

-

*

0.588

0.0002*

*

0.685

0.0009

2

0.834

0.011

3

0.742

0.006*

0.349

0.2939

0.510

0.0061*

4

0.660

0.0013*

0.994

0.0028*

0.421

0.0065*

5

0.0552

0.7035

0.584

0.01*

0.261

0.0581

0.861

<0.0001**

0.519

<0.0001**

**

0.743

0.0059

0.347

<0.0001**

6

0.846

<0.0001

Overall

0.615

<0.0001**

*

(b)
Rising Limb
Storm#
1

2

R

Recession Limb
2

p

-

R

-

0.581

Total
2

p

R

p

0.0002

*

-

-

*

0.530

0.0006*

*

0.669

0.0011

2

0.705

0.0364

3

0.798

0.0028*

0.829

0.0317*

0.438

0.0138*

4

0.483

0.0121*

0.865

0.00702*

0.732

<0.0001**

5

0.550

0.1514

0.0200

0.7002

0.720

<0.0001**

6

0.418

0.0231*

0.938

<0.0001**

0.438

0.0006*

Overall

0.327

<0.0001**

0.455

<0.0001**

0.352

<0.0001**

(c)
Rising Limb

Recession Limb

Total

Storm#

R

p

R

p

R

p

1

-

-

0.164

0.0954

-

-

2

0.153

0.4432

0.331

0.0504

0.311

0.0162*

3

0.464

0.0631

-0.529

0.1637

0.217

0.109

0.643

*

-0.515

0.2824

0.080

0.289

*

0.059

0.3829

4
5

2

-0.029

0.0017

2

0.7841

2

0.609

0.0077

**

0.290

0.1688

0.741

<00001**

0.250

<0.0001**

0.343

<0.0001**

6

0.893

<0.0001

Overall

0.465

<0.0001**

*means significant level at p<0.05.
** means significant level at p<0.0001.
Negative numbers indicate the negative correlation.
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E. coli Partitioning
E. coli partition including the total and suspended coliforms (separated by the centrifuge
method) over the course of the storm events (#5 and 6) in Beaver Creek was shown in
Figure. 6-5. It is obvious that the majority of E. coli counts were present as the settable
form throughout the whole course of all storms. In contrast, the suspended form of E. coli
was observed mostly during the recession limb of the hydrograph during the storm flow
(Figure. 6-6(a)); but rarely occurred during the rising limb and base flow of the whole
hydrograph in this study (Figure. 6-6(a)). The suspended E. coli form generally had an
initial increase (p=0.011*) during the recession limb of hydrograph and subsequently
remained constant when the flow rate and TSS concentration returned to the base level.
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Discussion
E. coli Export During Intra-storm Flow
Compared with the results in previous studies on E. coli transport in stream waters, the
base flow E. coli levels in Beaver Creek ranged from 100-200 cfu/100mL, which were
lower than the USEPA 235cfu/100mL standard. However, the effects of flow rate
variations during storm events appeared to be a dominant factor impacting the dynamics
of E. coli export in stream water. In order to improve the understanding the relationship
between E. coli export and flow conditions, the intra-storm dynamics of E coli levels
throughout the entire hydrograph during storm flow was monitored (Schilling et al.,
2009; Sinclair et al., 2009). Similar to the observations from other studies (Schilling et
al., 2009), the flow rate and E. coli counts had strong linear correlations (R2=0.4-0.8,
p<0.05* basically) during individual storms, particularly during the rising limb periods,
suggesting that runoff generated from precipitation could mobilize E. coli from upland to
the river network (Krometis et al., 2009). On the other hand, the elevated E. coli counts
during the initial increase of the flow may be associated with the impacts from the point
sources, such as the cattle‘ waste, the wastewater effluent. The overland flow near the
river banks may also make them available or mobile to be transported and the processes
may not be decided totally by the flow conditions (Schilling et al., 2009). Interestingly,
the dynamics of DOC exhibited a pattern similar to that of E. coli in the rising limbs of
the hydrograph during storm flow, which is verified by the significant correlation
between E. coli counts and DOC during rising limbs of hydrograph. Therefore, DOC
could be considered as a useful indirect parameter to evaluate the source and pathway of
E. coli export during storm events since it has been suggested that a large percentage of
DOC transported into the stream during rainfall events was from overland by runoff
(Buffam et al., 2001; Hernes et al., 2008; Inamdar et al., 2004; Wagner et al., 2008).
Supported by the observations from previous investigations that the primary sources of E.
coli exported into stream channel were from the adjacent stream banks or land surface
and washed out by the runoff formed during rainfall events (Jamieson et al., 2004;
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Schilling et al., 2009), it is likely that E. coli export in Bever Creek could be traced to
landscape runoff near the stream.

On the other hand, the similarity between the transport of E. coli and TSS and its
partitioning during the course of storms shows that E. coli export during storm flow was
highly related to the transport of particulate matter especially during the rising limbs of
flow rate. Previous studies have suggested that sediment in stream channel may become
the potential reservoir of E. coli, which usually contains from 10 to even 105 times of E.
coli of that in surface water (An et al., 2002; Stephenson and Rychert, 1982). The resuspension of sediment due to increased flow rate and shear stress during storm flow at
the bottom of the stream could significantly influence E. coli levels in stream water
(Jamieson et al., 2005). Moreover, other researchers have proved that E. coli transported
via sediments is mostly particle related (An et al., 2002; Jamieson et al., 2005; Jeng et al.,
2005). Thus, the sediment may be an important source of E. coli. However, the stronger
correlation between E. coli and TSS during the recession limbs than that during the rising
limbs of the hydrograph during storm flow may suggest that the two potential sources,
overland runoff and sediment re-suspension may both contribute to the increased E. coli
export. It is likely that E. coli transport resulted from the runoff from landscape is a
dominant force during the rising limb, while the contributions to the E. coli loading from
sediment re-suspension appears to be influenced mainly by the flow rate. Based on the
change affinity between and the E. coli and solid particles during the whole course of
hydrographs, the higher ratio of the particles related microbes at the early stage of storms
indicates the stronger attachment of microbes onto particles due to the particles input with
the runoff throughout the overland. While, this effects may be eliminated by the
sedimentation when the overland flow reduces and the flow decreases. However, based on
the study, it still can‘t provide direct evidence to prove why the free phase of E. coli
happened mainly during the flow declining periods and it is still not very clear. In order to
figure out the reasons, future investigations will be necessary.
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Conclusions
(1) The significant and positive correlations between E. coli levels and flow rate or DOC
in stream water, particularly during the rising limbs of the hydrographs, suggest that
during the early storm periods, E. coli mobilized from the landscape by runoff can be an
important source of E. coli export.
(2) The strong correlations between E. coli and TSS during the whole hydrograph of
storm flow indicate that E. coli transport is associated with particle transport and the
sediment may be the reservoir of microbes due to the sediment re-suspension by high
flow rate.
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Appendix A

Figure. A-1. ISCO automatic sampler (Model 3700).
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Figure. A-2. The sampling site, Powell, Beaver Creek (36o1‘ 6‘‘N; 84o3‘6‘‘W) with 56.1 mi2 drainage,
nearby the USGS gage (USGS 03535200).
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Figure. A-3. The instrument of the TOC and TN analyzer (TNM-1, Shimadzu) with ASI auto-sampler.

Figure. A-4. The DOC fractionations apparatus including columns containing three types of resins,
Amberlite XAD-8, strong cation-exchange resin (Bio-Rad AG-MP-50, 50–100 mesh) and strong anionexchange resin (Bio-Rad AG-MP-1, 50–100 mesh), and peristaltic pumps (Master Flex L/S 7518-00, ColeParmer Inc).
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Table A-1. Typical organic compounds represent by DOC fractions (Imai et al., 2001).
Fraction
Hydrophobic acids (AHS)

Chemical compound classification
Aquatic humic substances

Hydrophobic neutrals (HoN)

Hydrocarbons, pesticides, carbonyl compounds, LAS

Hydrophilic acids (HiA)
Bases (BaS)
Hydrophilic neutrals (HiN)

Sugar acids, fatty acids, hydroxyl acids
Aromatic amines, protein, amino acids, aminosugars
Oligosaccharides, polysaccharides
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Appendix B

(a) AHS= DOM2 × (elutant volume)/ (sample volume)
(b) HoN= DOM1- AHS- DOM3 + B1
(c) BaS = DOM3 - B1 - DOM4 + B2
(d) HiA = DOM4 - B2 - DOM5 + B3
(e) HiN = DOM5 – B

Figure. B-1. Schematic diagram of the procedure for DOC fractionation. DOM fractions are AHS, aquatic
humic substances; HoN, hydrophobic neutrals; HiA, hydrophilic acids; Bas, bases; HiN, hydrophilic
neutrals (Imai et al., 2001).
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Figure. B-3. The standard curve for SRP-P determination.
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Appendix C

Figure. C-1. A sample plate (47mm diameter) demonstration of E. coli enumeration by membrane
filtration. The blue dots under ambient/ normal light represent the E. coli colonies using the MI medium.
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Figure. C-2. Procedure for the separation of settleable and suspended E. coli.
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Figure. C-3. Criteria for graphical hydrograph separation to define periods of storm flow, Base flow, rising
and recession limbs (Hinton et al., 1997)
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Figure. C-4. The linear correlation between the flow rate and river water conductivity during the storm
events between Oct, 2008 and Feb, 2009.

97

Vita
Si Chen was born on November 28th, 1983 in the city of Zhengzhou, China. He
graduated from Zhengzhou No 1 High School in July of 2002. Then he was enrolled by
the Department of Civil and Natural Resource in Northeastern University, Shenyang,
China. He earned a Bachelor of Engineering degree with the program of Environmental
Engineering in June, 2007. In August, 2007, he was enrolled as a Master of Science
student by the Department of Civil, Environmental and Architectural Engineering
(CEAE) in University of Kansas. After one year‘s graduate study, he transferred to the
Department of Civil and Environmental Engineering in University of Tennessee
(Knoxville) in August, 2008. Through one and half year‘s research and study, he
completed the requirements for her Master of Science degree in Civil Engineering
(Environmental concentration) in December, 2009.

98

